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PREFACE

Have you ever asked yourself what keeps the moon in the sky?
Thousands of years ago men asked themselves this question.
Why, they wondered, didn’t the moon fall 10 earth like other
objects? They thought about it, but they could not reach a
completely satisfactory explanation. Early in the scventeenth
century, Johannes Kepler concisely described the motions of the
moon and the planets. Yet Kepler’s three laws of planetary
motion did not explain why; they merely told how orbiting
bodies behaved.

Then, towards the end of the seventeenth century, Isaac Newton
published his famous Principia, one of the most significant con-
tributions to science ever made. Newton is perhaps the greatest
mathematician and scientist the world has known. In a burst of
creative activity when he was 24 and 25 years old, he worked
out his laws for motion and gravitation. These laws, with great
simplicity, explained the motion of all objects and the force of
gravitation that operates between all objects.

Newton’s laws not only explained the moon’s motion around the
earth and the planets’ motions around the sun: they also ex-
plained the motion of all objects, no matter where they were in
the universe. His laws apply to celestial motions that have been
going on for billions of years, and they apply to the latest space-
craft orbiting the earth or heading for some distant planet.

In Gravitation, you will follow the steps of Newton as you build
an understanding of motion and gravitation. You will start with
basic ideas of speed, acceleration, force, and mass. You will
underiake activities that will lead to a concept of motion and
gravitation that covers objects on the earth as well as far-off
galaxies speeding through the universe.

Gravitation is the third in a series of six books that make up THE
UNIVERSITY OF ILLINOIS ASTRONOMY PROGRAM. The program
has been developed by professional astronomers and science
educators to stimulate your interest in some of the basic con-
cepts of astronomy. Your knowledge of these concepts will lead
you to a greater awareness of the universe in which you live—a
universe that is more understandable because of [saac Newton.
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CHAPTER 1

Motion and Common Sense

The earth spins, The moon s incorbit, The sun steeahs toward the star
Vegaat 12 mi/sees hn the winter sky the constellation Ovion vises in the
cast e teavels theough the night toward the woest, The Big Dipper
civeles slowhy aromnd the North Stay every daye As the months go by,
the sun seems o glide castward through the constellations, The uni-
verse s in constant motion: nothing stands still,

IFor a long time astronomers have been able to chart the universe. They
have determined the distance 1o the moon within a few miles and they
have predicted centuries in advance the dates when the moon will
eclipse the sun.

Long ago. astronomers discovered some rules to deseribe how the
members of the solar system are moving Every planet travels along an
ellipse. with one focus of the ellipse at the sun. When a planet is
closer to the sun, it travels more quickly than when it is farther away.

But one puzzle lingered longer than many of the others, Motion takes
place —endlessly. Why? What makes an object move? What makes the
moon orbit steadily around the earth and the plancts around the sun?

8
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el ohjeet, same saidy has s own nataead place in the universe, This
place determines the ohjeet™s motion, Aecording to s view, theee is o
sharp dillerence hetween motion on- earth and motion in the heavens,
Near the earthy Hght aivy objects helong upy Heavy ones helong down,
Motion oceurs when you do something violent—when you (oree simmes
thing out ol its natural place, When vou throw areek, you are violently
pushing it throughy the aiee Only the downward deop is natueal The
hovizontal motion vesubts from o foree,

Motion in the heavens, however, was explivined inca different way, Most
people thought that the sung the moon, the stars, and the plamets moved
along naturathy v the only perfect way — in eireles, These ohjects did
not need to be pushed along, They requived no foree 1o keep them going,

By this reasoning, vou could say that a falling stone requives no foree,
Nor does a rvising halloon nor an orbiting planct, Motion is natural if an
object is retirning lo where it belongs, Explanations are needed only
when ohjeets do nol move ina nativad wav — when heavy ohjects stant
moving upward, or light ones downward, or when heavenly hodies stop
moving in cireles. Onby then must we ook for forees that canse the
motion,

I vou helieve that cach ohject moves toward some natural location in
the universe, that cach object has its own place, then vour astronomy
consists of finding the natural spot for cach planet. for each star, for any
astronomical hod - that interests vou, According to this idea, anm objeet’s
motion depends on the object. Stars don’t move the way rocks do. The
sun moves differently from smoke.

This idea of motion seems like common sense. When von place a book
on the Hoor and push i the be = oves for a while. Then it stops —
naturatlv, H you want the book to keep moving, vou keep pushing it. In

fact. when vou see any earthly object in motion, it seems that some foree

g | 9
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it been exerted on the ohjeet, 1 there is nat foree, there seems 1o he
na motone 10 you pedal your hieyele, the bieyele volls, 1 you stop
pedidingy i stops =l beast aller o wiale,

Doen the same vensoning apply 1o ball you Huow or an arrow yon
Ahool? Trne i foree stuebs eaele one moving, Yo exert your wnseles
to-heave btk The tght stving on achow starts the arrow Hy ing oo
the aive One push Keeps each of these objoets moving for sevepl
seconds, H you believe that ohjects move only when o violent foree is os-
evted on themy you must seareh for a foree tat keeps the objeers moving,

Avistotle, n Greek seientist who lived more than two thousand yeurs N,
hadk an explanation, He thonght that as an areow flies, the aiv from the lip
of the aveow swishes to the wil. Acconding 1o his iden, what heeps the
areow in Hight?

Toduy we can test Avistotle’s idea by performing experiments, We ean
throw a ball or shoot an arrow when there s no air. Aceording 1o
Avistotle, wouldh an avvow fly in a vacwam? We can also test Aristotle’s
iddea by simply asking a question. I Avistotle was vight, why does an
arrow Hying through the air lose speed and fall 1o the ground? This

question couldn’t be answered casily. More than a thousand vears
passed before a few seientists began to doubt some of Aristotle’s ideas

and to scarch for better ways to explain the causes of motion.

The study of motion presented puzzles to curious scientists for centuries.
Forces are necded to move a rock up, but not to move a rock down. After
all, you don’t have to push a rock to make it go down. It goes down
naturally. Doesn’t such an idea seem like common sense? Some
scientists wondered.

Once an object starts moving, a steady foree is needed to keep it going.
A book doesn’t slide along the foor forever. Soon it will come to a stop.
Such an idea seems like common sense, But some scientists wondered.

i0
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The moon moves endlessly across the sky, Nothing seems 1o be pushing
It. No foree Is needed, The moon just natrally moves that way. Sueh an
iden seonms like common sense, Bul some selontists wondered,

fdoas about motion ehanged over the centurles hecause seientists wone
dored, T s hook you will fine ont how and why beliafs aboawt motion
changeds You will leary why objeots move in orbit through spaes, And
you will hear aboul some of the men who advaneed our understanding
of why the universe moves as il doen,

1
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CHAPTER &

Straight and Steady

Common semse tells vone that you hine o pishean ohjeer hewp il
v i or i Tt now tiinh o an eviser i e ehath s, Y on pive
W Tl poshane e sbides ashort wan down the e v wore 1o put
Wi e i Tnte cart i give it D same ot ol bt wondd o
trther 10 vou oiled the wheels of the cant and eleamed all tie ehalk dist
Aawiny e the evaser wonld go even Tther, Yon have e feeling 1hat il the
ey were lomg enongle wnd simonth enonglu e et and ermer woull i
avery dong way e

/w
I'd
:X/J-‘_ ! 4 I \-.....,

ACROSS THE FLOOR

@ Try pushing an empty shoe hox aeross the Hoor. Think f the forees
acting on the shoe box during its briel journey. To Legin with, it
moves at no speed at alll 1t takes a shove to get it started. But a
the instant your hand and the hox part, the box. move .« across the
floor at a certain speed, perhaps 14 feet per second. You change
its motion from O (t/see to B /see. The foree of your push speeds
up the box.

I/

4
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As soon as the box is moving, a different force pushes on it A frictional
force exerted by the floor acts to slow down the box. After a short dis-
tance it comes to rest. The box is slowed by the {oree of friction from a
speed of T (t/see to no speed at all. And the instant it comtes 1o rest, the

frictional foree disappears.

We live in a world of friction. Friction is a force thai resists otion,
I the box is sliding eastward, the floor exerts a westward-pushing force
on the box. The frictional foree acts in the direction opposite the diree-

tion an object is moving.

L _
SHOES

BIG STUFF, LITTLE STUFF

You have observed that a sliding shoe box is soon slowed down by
frictional forces. And you know thar friction acts opposite to the
direction of motion. Would the amount of matter in an object make a
difference in the way it might move? You can find out more about

moving objects without interfercnce from frictional forees.

i

\

Suspend a paper clip on a string. Place an empty shoe box in the
path of the clip. Lift the ¢lip to a certain height and let it swing
into the box. Watch the swinging clip. What happens to it when it
collides? Pack a small lump of clay around the clip. Lift it to the
same height as before and let it go again. What happens to the

swinging object this time? Add still more clay and observe what

12 13



happens. Try this activity using a ping-pong ball, and then a hump
of clay the same size. What happens to the moving object each
time? Wonld it be correet to say that bigger objects resist change

in motion more than smaller ones?

Think about two wagons. One is empty. bt the other one is loaded.
L pty
Fach is volling down a hill at the same speed. Which one is casier

to stop?

FFind two shoe boxes the same size, Place some rocks in one box.
but leave the other one empty. Tie cach box with string and hang
it from a yardstick as shown below. Attach a thin rubber band to
each box to use as a rongh measure of force. With the rubber band.,
pull the empty box. How much does the rubber hand streteh? How
much foree is exerted on the box? Now do the same with the other
box. Notiee the streteh of the rubber band this time, How mneh

force is needed to move this hox?

N\ ) ¢ \\
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N
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On the floor are two closed shoe hoxes, One is empty; the other
contains a brick. Kick the first box. Then kick the second hox with
the same strength. What happens?

You have two objects that look alike and are the same size. But some-
how they ave different. One moves readily when a foree is exerted onit:
the other offers more resistance. Why is there a difference in the way
cach one moves? Perhaps yon will say that one box is light and one is
heavy: or that there is more stuff in one box: or there is more matter

m one,

Think of all the matter in an object as its mass. Mass is a basic property
of any object. Wherever the objectis placed =here on carth or far out in
space — its mass stays the same. Mass is constant so long as no part of

the object is removed or other matter added to it

A star has a great deal of mass, a locomotive less,a tennis ball still less,
and a speck of dust even less. The greater the mass of a stationary oby-
jeet, the more it tends to stay exactly where it is, The greater the mass
of a moving object, the more it tends to keep going just as it is, moving
in the same divection at the same speed. You can think of the mass of an

object as its tendeney 1o resist changes in motion.

@ Set up a smooth ramp. Roll a small cart or track down the ramp

and watch it move after it leaves the ramp. Becanse it has some

mass, it tends to move straight across the floor at constant speed.

Friction doesn’t slow it down very mach. Now put a small obstacle,
such as a wood stick. on the floor a few feet from the ramp. Roll
the truck from the ramp again. Describe the motion of the truck
before and after it eollides with the obstacle. What did the stick do
to the truek? Put some weight into the truck and try again. What
did the stick do to the truek this time?

14 | . 15



It was Galileo’s (gal-eh-LAY-0hz) astonishing idea, back in the 1600’s,
that an object tends to remain at rest or to keep moving straight at con-
stant speed unless a force of some kind compels it to move otherwise,
The stick of wood exerted a brief force on the truck while the two were in
contact, changing the motion of the rolling truck. If the stick had not
been there, the truck would have kept going.

You have seen that if an object is at rest, it tends to remain at rest. If
another object is moving, it tends to continue moving in the same direc-
tion at a steady speed. This tendency to wove with an unchanging
motion depends on the mass of the object. Only if a force acts on an
object will its motion change. And the more massive a body, the harder
it is to change its motion.

A WORLD WITHOUT FRICTION

Imagine that there is no such thing as friction, Push a hook across the
floor. Tt keeps on going. There is no force to slow it down, so it keeps
going until it humps into the wall across the room. The wall exerts a
brief force and changes the hook’s motion so that it bounces hack across

the room again, Back and forth it goes — forever.

Tear down all the walls and extend the Hoor for a mile or more. What
does the hook do? Without friction the hook simply keeps going along at
a fixed speed in a straight line.

Finally. imagine that the hook is far out among the stars, far from any
other object. There is scarcely any friction in space. After your push, no
other forces are acting on the hook. vet it continues to move. Can you

describe its motion?

1e
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Without friction in space, how would you expect an isolated star to
move? Practically no forees ave exerted on such a star. So it keeps doing
just what it was doing yesterday and the day before —wmoving at con-
stant speed along a straight path,

Remember some of Aiistotle’s ideas about wotion. For almost two
thousand years his ideas seemed like commuon sense. Why were we
misled for so many years? Why did people continue to believe that you
had to keep pushing an object to keep it moving in any other way than
its “natural” way? Nobody took into account the effect of fviction. Fric-
tion was the culprit —friction, the force that operates all around us here
on earth, slowing down whatever is in motion.

Let’s now turn ontward to the universe of celestial bodies. Are things
really entirely different out theve than they are heve on carth? Do objects
naturally behave in an entirely different way out among the stars?

16



Q

ERIC

Aruitoxt provided by Eic:

CHAPTER 3

Curved Motion

In his day, Galileo could not turn to the stars to make accurate observa-
tions of their motions. He had no way to find out whether his ideas
about motion worked for stars as well as for rolling balls. But in more
recent times, astonomers have been able to measure how a star moves.

Galileo Galilel (1546-1642) tried to answer the question
of why motion occurred. His investigations
laid the groundwork for Newton's laws of motion.

And every isolated star that has been observed carefully for many years
has been found to move through space in a straight line at constant

- speed —as it should if Galilec’s ideas are correct.

But what about other objects in space? Look at the moon; it is moving in
a curved path around the earth every month. Jupiter’s satellites are
orbiting around their parent planet. Mars goes around the sun every 687
days. Man-made satellites close to the earth complete an orbit about
every 90 minutes.

18



@ Tie one end of a 3-foot piece of string around an eraser. Make sure
. that the knot is good and tight, and that no one is in the way. Hold
the other end of the string in your hand and start the eraser moving
around vour head at a steady speed. What kind of path does the
eraser take? Can vou explain why the eraser moves in this path?

Look at the diagram below. The arrow tells something about the
forward motion of the eraser. The string is exerting a force on the
eraser. A small arrow shows the direction of this force. In what way
does this (orce affect the eraser?

| l
| !
Throw a ball several times and observe its path carefully. Describe

how it moves. Make 2 rough sketeh of the ball’s path.

- _-.—--—--....__O
-
-
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Look at the diagram below showing the flight path of a ball. The ball is
shiowir at two positions. In each position an arrow represents the forward
motion of the batl. Think of the arrows as shhowing the speced of the ball
and the direction it was moving at cach instant.

As it flew through the air, the ball did anot move along the dotted straight
line at a steady speed. Instead. it moved in a eurved path. Its direction
kept changing, What foree was acting on the hall to change its motion?
Not friction. At low speed, friction with the air has very little effect on
the ball.

What other force could be acting on the ball? Can you draw arrows to

show the force acting on the ball?

There are no strings attached to objects moving in space. A man-made
satellite is not tied 1o the earth like a whirling rock on a string. No giant
hawser pulls on the moon, keeping it in a curved patli. Yet the moon
travels in orbit around the carth. The carth orbits the surnn These objects
have great mass., Why do they travel a curved path? Shouldn’t they tendd
to comntinue moving in a stiraight line at constant speed?

<0




You know that when a force is applied. the motion of an object changes.
Some force must be pulling on the ball you threw to curve it toward the
ground. Foree must be acting on the moon to keep it from moving in a
straight line. Foree must he affecting the motion of the earth to keep it
in a curving track around the sun.

Long ago people would simply have said that it is natural for a ball to
fall to the ground when it is thrown. It was thought perfectly natural for
the moon to move in orbit around the carth. But now we can think of
these motions as being caused by a force. You can't see this force, yet
vou know it is there, acting on the ball and on the moon as if they were
tied to the earth, This force is grarvitation,

i what ways does the force of gravitation affect the motions of objects?
How does gravitation cause the ball to follow a curved path back to
carth? Why does the moon keep moving in orbit century after century?
Let's find out more about how ohjects change their motions when forces
are acting on them,

20

ERIC

Aruitoxt provided by Eic:



CHAPTER 4

Forces and Speed

Tug a knotted rope in one direction and have a partner pull just as hard
in the opposite direction. Which way does the knot move? Can vou
explain why?

When two forces ave equal in strength but act in opposite directions,
the forces are balanced. The resulting force, the net foree. is zero. The
knot in the rope remains stationary,

Can balanced forces also act on a moving ohject?

Imagine you are viding *in a jeep on a straight stretch of road. Not
another car is in sight. The jeep is moving along at a constant speed of
35 miles an hour. It is neither gaining nor losing speed. Picture the
forces acting on the car, There is the force driving it forward, and also
the backward force of friction. Think of these two forces heing equal,
but acting in opposite directions. The forces are balanced. The result,
the net force on the jeep. is zevo. So the jeep moves along at con-
stant speed.

21
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Step on the gas pedal. What happens? A net force acts on the jeep. It
acts on you too, and you feel the push. The forward force is now greater
than the backward frictional forces, and the forces on the jeep are no

AIA0T dFAWMNDAS | FORWARD ToRcE
<« .

NO NET FORCE

I

35 MPQ
mger balanced. A net foree is pushing in the direction of the jeep's
longer bal . A net | pushing in the direct f the jeej

motion, s0 vou gain speed in the direction you are going. Soon you are

traveling at 45 miles an hour.

wAct asawacae  FORWARD FORCE e

<— - - %
—-— NETY FORCE (((—""i ’
X L—— (ol
35 MPH 4 o

Let up a little on the gas. and the jeep moves at a steady speed again.
It rolls along at 45 miles  an hour. Once again the forward force is
balancing the backward frictional force. The net force is zero. Speed

i1s constant.

33901 qﬂAW)DAS . FORWARD FORCE
— - »
NET FORCE g

Stop sign ahead! Step on the brake and the frictional forces hecome
much greater. The forces are unbalanced again. In which direction is
the net force acting? What happens to the jeep's motion?

22 . 23
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FORCE AND MOTION

You don’t have to ride in a jeep to understand how force affects the
motions of objects. You can work in the classroom.

Stand about 8 feet from the wall of your classroom. Place an
empty can on the floor. Then give it a push so it rolls toward the
wall. Watch what happens to the can the instant it strikes the wall,

Picture the forces at work in your experiment. When the can was
motionless on the floor, there was no net force acting on it. The can
stayed just where it was. But the instant you gave it a push a net force
acted on it. Which way did the force act? Which way did the can move?
Did you have to keep pushing the can in'order to maintain its motion?

[
]
o é__l‘_:,

\ \

\

If you watched the can roll toward the wall, you probably noticed that it
moved at almost constant speed. As it rolled, there was practically no
net force acting on the can. So it just kept moving along steadily in a
straight line. What happened to the can, when it struck the wall? In
which direction was the net force applied? What happened to the motion
of the can?

In the world of moving things we occasionally see a quick push or pull.
But most forces act on objects for a longer time. Let's see what happens
to an object when a constant force continues acting on it for a while.

@ Make a rubber-band scale to measure force. Place a paper clip at
the edge of a thick piece of cardboard. Slip two rubber bands
through the clip. Each rubber band should measure about 3 inches
in length, Use rubber bands that are of the same thickness. Tie a
5-foot piece of string to the rubber bands,

s 24 23
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Hold your scale so the string and mbber bhands hang toward the
floor. Make a mark bestde the bottom of the rubber bands, Make
two or three more marks at L-inch intervals below the first mark.

Now tie the other end of the string to a small cart with a brick in it
Place the cart and its load on the floor at one end of a long hallway.
Holding the rubber-band scale with both hands, take a position
ahiead of the cart. Make sure that the string is not too loose.

When you are ready, pull the loaded cart with the rubber-band
scale. Try to keep the force steady. Practice until you are satisfied
you can do it well. Keep the end of the rubber bands at mark
No. 1 on the scale. In this way you will be pulling with a constant
net force of mark No. 1. What happens to the speed of the cart?
What must you do to keep pulling with a constant force?




Try this activity several times. How fast is the cart moving when vou
first start to pull it? Notice the speed alter you've been pulling with a
constant foree for one second: then for several seconds. The arrows in
the sketeh represent the distances traveled by the cart in each unit
of time.

Can vou see that the cart is constantly changing its motion? It is being
accelerated. What is happening to its speed during each second? Can
vou imagine how fast it would be traveling after 10 seconds?

MEASURING ACCELERATION

In the last activity you applied a constant force to the loaded cart. You
¥ I

found that the cart continued to gain speed, that is, o accelerate. So a

constant force seems to make an object keep changing its speed. keep

accelerating. Lels see il acceleration can be measured.

@Usu the loaded cart and the scale again. Place a marker on the
floor beside the front wheel. This will show the carl’s starting
point. Use the force scale to pull the cart just as vou did before. Try
vour best to keep the rubber band at mark 1 on the scale so the net
force on the cart will be constant. In this activity keep track of
time in seconds.
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It may be difhcult 1o keep the force constant and make precise
measurements of time. Practice before trying this activity. When
you are confident that evervthing is ready, start the cart moving
with a force of mark 1. Keep the foree constant.

At the end of second No. 1. have an observer put a mark on the
floor to show the position of the front wheel of the moving cart.
Have other observers do the same at the end of seconds No. 2,
No. 3. and No. 3 They will have to work quickly.

Lets try to estimate the acceleration of the cart. Stretch a string from

the “start”™ mark to the position of the cart at the end of second No. 1.
See the illustration. Call this length one unit of distance. Now find out
how many of these units the cart traveled from the end of second No. 1

to the end of second No. 2.

How far does it move in the next second? The next? Make a record of
vour measurements. Don’t be too concerned if the distances come out in
fractions. Simply round off all measurements to the nearest whole
number and enter in a table like the one at the top of page 27.

To find the acceleration of the cart. arrange the data in vour copy of
the table. Enter the measurements from your activity in the middle
column. At the end of second No. 1, how far has the cart traveled? One
unit of distance. It moves one distance unit in one second. So its speed
was 1 unit/sec. Read this quantity as “one unit per second.” How far
did it move in the next second? What was the speed? Its speed was 3
units/sec. The cart traveled two distance units farther in this second
than in second No. 1. You can say the cart speeded up 2 units/sec
during this second. When the cair speeds up, it is accelerating. So its
acceleration was 2 units/sec in a second.

Remember that the constant force of mark 1 was acting on the cart. Look
at your table on the following page. What do you notice about the speed
of the cart from one second to the next second? Complete the accelera-
tion column. What do vou noetice about the acceleration of the cart at

different times?
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Time from Distance Traveled Increase in Speed
Start Each Second in One Second
(average speed) (acceleration)
0 sec o
} ------------- 1 unit/sec. 2 units/
___________ units/sec.
1 sec. 3 units/ each second
""""""" units/sec. units/sec.
2sec.,  peremeemeee- each second
} ------------- units/sec. units/sec.
3sec.. e each second
} ............. units/sec.
| 4 sec.

You worked as carefully as possible to find data on the cart’s motion,
But no matter how hard you tried, some errors probably occurred. What
are some reasons for errors in measurement? Why was it so difficult to
measure accurately?

If precise measurements of time and distance could be made and the
net force on the cart were constant, vour table would look something
like the one below. Notice that each second the cart travels a greater
distance than the second before. So each second the average speed of
the cart is increasing.

What was the acceleration of the cart? With a constant net force of
mark 1, the cart gains speed at the same rate every second. The accel-
eration is constant—2 units/sec each second. A constant force seems
to result in constant acceleration. Did you find similar results?

Time from Distance Traveled Increase in Speed
Start Each Second in One Second
(average speed) (acceleration)
0 sec
} --------------- 1 unit/sec.
Tsec.0 e 2 units/sec.
} --------------- 3 units/sec. each second
2sec.. b 2 units/sec.
--------------- 5 unlts/sec Each Second
2 units/sec.
3 sec e each second
--------------- 7 units/sec.
4 sec.

2
&g]
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FORCES AND ACCELERATIONS

You have observed the cart as it was accelerated by the constant foree
of mark 1. What will happen to the cart if the load remains the same, hut
the net foree on the cart is greater? Can you guess something about the
rate of acceleration? Test your Inmeh.

Work your experiment in exactly the same manner as before. This
time, however, exert more force. Pull the cart with the rubber bands
stretched to mark 2. tmay be difficult, but try to keep the force
constant all the time.

R S

]
/

7 7 5 /<—-—-MARK 2 FORCE

Use the same distance unit as in the first experiment. Make measure-
ments as vou did before. Forget about fractions and simply round off all
distance measurements to the nearest whole number. Then enter the
data in a new table to find the acceleration of the cart when the foree is
mark 2.

Compare vour acceleration data with those from the first experiment.
Make comparisons of your findings for cach second. How do the ac-
celerations compare? From the results of this experiment, can you make
a statement that tells how force affects acceleration?
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In this experiment, as in the one before, measurement errors ereep in. If
vou had heen able to make precise measurements of time and distunce
when the net force on the cart was doabled, your tuble would contain
the data shown helow.

Time from Distance Traveled Increase in Speed
Start Each Second in One Second
(average speed) (acceleration)
0 sec
} ............... 2 unit/sec.
1sec..  pemememmemee- 4 units/sec.
! } ............... 6 units/sec. each second
P oepr 4l 4 units/sec.
2 sec . each second
............... 10 units/sec. -
4 units/sec.
dsec.;  pmomommesesss each second

............... 14 units/sec.

Remember the load is the same but the force was doubled. What
happened to the acceleration when the force was doubled? Can vou
make a rule about force and acceleration?

The tables can be used to find a quick clue to the acceleration. Take a
moment to compare the distance traveled in second No. 1 with the rate
of acceleration. What do you notice? Now look back to the table at
the bottom of page 27 and make the same kind of comparison. Can you
find the relationship hetween the distance traveled in second No. 1
and the rate of acceleration?

ACCELERATION AND MASS

Suppose you repeat the experiment. This time, however, keep the force
at mark 1 but double the mass. How will the acceleration be affected?
Make a good guess and then experiment to find out if your guess is
reasonable.

Place a second brick on top of the first and tie them both to the
cart. Now the mass of the object is almost doubled. Accelerate this
mass with the force of mark 1. Try to keep the force constant. Make
distance measurements with the same unit you used in previous
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activities. Again, remember that you will not be able to make
precise measurements. You will merely round off all distances to
the nearest whole numbers,

With the mass doubled, what do you notice about the speed of the cart?
How much distance does it move during each second?

Make a new table and find the acceleration of the cart when the mass is
doubled. Compare your data with the data from the activity just com-
pleted. Make comparisons of your findings for each second. How do
the accelerations compare? Can vou make a statement that tells how

acceleration is affected by mass?

If precise measurements of time and distance were made when the mass
of the cart was doubled, your table should contain data shown below.

Time from Distance Traveled Increase in Speed
Start Each Second in One Second
(average speed) (acceleration)
0 sec.

............. 14 unit/sec. .
| sec. 1 unit/sec.

1 its/ each second
} """""""" 2 units/sec. 1 unit/sec.
2sec.l e each second
------------- 24 units/sec. 1 unit/sec.
3sec.. e each second

------------- 3" units/sec.

4 sec.
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In this activity the foree remained at mark 1, but the mass was donbled.
What happened to the aceleration? As mass inereases, how is aceelera
tion affected? Can you explain why? Try to invent a rule that tells how
aceeleration is related to mnss,

Compare the distance traveled in second Noo 1 to the rate of accelera-
tion, Do you notice the sjme relationship you discovered hefore?

FORCE, MASS, AND ACCELERATION

Now let's put together the two rules you invented. Each tells something
about how objects accelerate.

From your experiments yvou learned that when foree increases, accelera-
tion increases. Do away with friction, make precise measurements of
forces and distances, and keep the mass constant. You find that when
force is doubled, acceleration is doubled. If force is tripled, acceleration
is three times as great. Look at the table on the left, below. Notice what
happens to aceeleration when force is 300 times as great. The accelera-
tion of any object is directly related to the force exerted on it.

Force Acceleration Mass Acceleration
1 1 1 1
2 2 2 3
3 3 3 i
500 500 100.000 195,506

You have also learned that when mass increases, acceleration decreases.
Keep the force constant and accelerate objeets. Under ideal conditions
vou find that when mass is doubled, acceleration is halved. If mass is
tripled, acceleration is just one-third as great. What happens when mass
is rased to 100,000? In cach case, notice in the table on the right,
above, that the acceleration number is the inverse of the mass. The
aceeleration of any object is inversely related to its mass.

From vour experiments with forces and masses you found two relation-
ships that tell about the acceleration of ohjects. Long ago Isaac Newton
put these same rules together in one statement, which we call a law of
motion. Newton stated that the acceleration of an object depends
directly on the net force exerted on it and inversely on the mass of the
object.



Think of two ohjects of the same mass, Exert twice the foree on one as
on the other and its aceeleration will be twice as great. Think of an
object with a small mass and another a million times as massive. Push
cach with the same force, The more massive hody is aceelerated only
one millionth as much,

Try this problem. Imagine there is no [viction and all your measures are
precise. Think about the accelevation il you double the mass and also
double the foree. How will the aceeleration be affected?

What will happen il both force and mass are 100 times as great? A

million times as great? Can you see what would happen il the lorce and
mass are multiplied by the same number? Would the acceleration
change?

F XM FIF XIMIM
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In this chapter you have learned that an object aceelertes when o
foree aets oncite And you have seen that the acecleration is in the divee-
tion of the net forees Yo have found that the aceeleration of an
objeet is direetly related 10 the foree exerted and inversely velated 1o
the mass of the objeet. And when foree and mass are ineveased in the
same proportion, the acecleration is unchanged.

Althongh your experiments have heen with a loaded cart, perhaps you
have already guessed that these same miles work for any object pushed
or pulled on curths How are objects accelerated when they are not
touching the ground hut are being pulled toward the earth by the foree
of gravitation? Do taHing objecets obey Newtons law of motion?

4
o
33

O

ERIC

Aruitoxt provided by Eic:



CHAPTER 5

Gravity Around the World

You have scen how different forces affect the motions of objects,
Astronomers are very much concerned with one particular foree —
gravitation, When they talk about gravitation and its effects at and near

the surface of a celestial bady, they speak of gravity. How does gravity
accelerate ohjects near the earth?

Throw a ball upward. As it moves upward, does it travel at con-
stant speed? What is its speed at the top of its flight?
-
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On its upward journey the ball changes speed. You have learned that

=

any object tends to continue moving in a straight line at constant speed
unless a force acts on the object. When a force is applied, the object’s
motion is changed. Any change in speed—faster or slower—is an
acceleration. So in its upward path the ball is accelerated. In which

direction is the force acting? On the downward journey the ball is
also accelerated. In which direction is the force pulling?

34
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Your experiments with the traek showed you that it you exerl o constant
foree, an object moves with o constant aeceleration, How aboul gravily
near the surfaee of the earth? Does this foree produce o constunl
aceclevation downward? To find onty we can pul gravity 1o work on a
falling object and observe how the object moves, We can measure (he
ohjeet’s acceeleration and see il it remaing constunt,

I's not casy to measnre the aceeleration: produced by the carth's
gravity because balls and hooks fall very vapidly, There isn't muceh
time 1o measure. But Galileo solved this diflicalt problem in a simple
way, He reasoned that a ramp gave him a chanee to stady effects of
gravity move casily,

@ Prop a smooth straight buard against the wall so the boavd makes a
rinp that is almoest straight np and down. From a position near the

top of the ramp, drop a ball so it falls freely to the floor. Does it

seem to accelerate on its downward path? Now, from a similar
height, release a ball so it rolls down the steep ramp. Does it seem
to accelerate as much? Make the ramp less steep by pulling the
bottom away from the wall. Roll the ball again and observe its
speed down the ramp.

Try rolling the ball up the ramp. Is its acceleration similar to that
of a ball thrown upward in the air? Continue to make the slope of
the ramp less and less. each time rolling the ball upward and
downward on the vamp. What happens to the acceleration as the
ramp becomes less steep?
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The neceleration of w ball is Tess whew i is onaovmp than when il
is (lling (reely, But you Know, as Galileo helieved, that geavity provides
the downward foree in hotly cases,

GRAVITY AND ACCELERATION

With a vamp that has o gentle slope like the one below, you can make
some neasurements that will help you discover how the eartlCs gravity
aceelerutes abjeets,

36
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Make a ramp by placing blocks of wood under two legs of a lon

g
smooth table as shown. Roll an empty adhesive-tape spool down
the ramp and time it. Adjust the slope of the ramp so that the spool
takes al least three seconds to roll the length of the table. Tape a
long strip of paper along one side of the table. Near the very top of
this strip, make a mark for a starting position. Place the spool at
this point. Release the spool and measure how far it rolls in exactly
one second. Repeat this activity several times to find the average
distance for one second. Using the same procedure, find the
average distance for second No. 2 and second No. 3. Make all your
marks on the paper strip.

Stretch a string from the starting place to the average mark for
the first second. Call this length one unit of distance.

37



How far did the spool travel in second No. 27 1nosecond No, 37
Organize your data in a table, similar to the one below, just as you
did in Chapter 4. Find the aceeleration.

You know the speed changes from second to second, Do you also find
a change in acceeleration? Notice how far the spool rolled in second
No. L Look at the aceeleration, How is the aceeleration of the spool
related to the distance traveled in second No. 17

You have seen how the cartl's gravity accelerates a spool rolling down
a gentle ramp. But the distance traveled by a rvolling spool in second
No. I is one thing; the distance traveled in the same time by a free-
falling body is another. Let's find how gravity accelerates a free-
falling body.

Time from Distance Traveled Increase in Speed
Start Each Second in One Second
(average speed) (acceleration)
0 sec
_______________ unit/sec.
__________ units/sec.
1 sec. units/sec each second
"""""""" ’ units/sec.
2sec..  fmmmememm each second
............... units/sec.
3 sec.
. 37
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@ |)|'nl) a ball down o staivwell Tvome dilTerent lu‘iHh""v Have
observer vecord thne i seconds, From one position the time ol Tall
miy be Toss than one seeonds Trom o higher step it may be more,
Finek the height Trome whiel the bl tak es exaelly one second 1o Tl
o the Hoor, Measure Hine as precinely an possible, Measiee (he
dirtinee curelally, One way might he ot e o long string with o
weight al the hottom,

e e—————e e
D ——

What distance did the ball fall during second No. 12 You know that this
distance is related to the rate of aceeleration. Now what can YOu say s

the rate of aceeleration of the falling hall?

BIG STUFF, LITTLE STUFF, AND GRAVITY

Now recall the cart experiments in Chapter 4. When vou exerted a
certain force, you found that the cart with a two-brick mass accelerated
at a rate only one-half that of the one-brick mass. Other things being
equal, the aceeleration of any object depends inversely on its own mass.
Does this rule work for free-falling bodies? Does gravity accelerate

objeets in this same way?
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@ Find two smadd boses the sime sizes Pt sand into one hos nil it
is hall (ol FHE e orher hos abl the ways One hos will have wiee
ther s of theeothers Pape caeh hox elosed so that no sand spills
oule Now stand ona ligh ehaiv and prepaee 1o drop hoth hoses al
the s instunte AU what heighit do vou hold each hos so that botly
will e ot the same time? 'Pey it Did vou lind what you espeeted?
Tey it againe Hold cach box so hoth will Tand sl the same time,

Remember to drop them at the same instant. Does the amount of
material in the boxes have anything to do with how cach hox is

accelerated by gravity?

Drop an elephant and a needle together in a vacunm so there is no
air resistance. The elephant is two million times as massive as the
needle. The elephant keeps his eve on the needle, and the needle
keeps its eye on the elephant. Who sees what as they fall? Do
they see eve to eve?

Recall the loaded carts. You could have achieved the same acceleration
for two bricks as you did for one. What amount of force would you have
to exert on the doubled mass so that it would be aceelerated at the same

rate as a single mass?
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‘MARM 2 FORCE

MARK 1 FORCE

The force of gravity causes the elephant to fall at the same rate as the
needle. So the acceleration of the elephant and the needle are the
same. But the elephant’s mass is two million times the needle’s mass.
How can the massive elephant be accelerated at the same rate as the
needle? The only conclusion we can make is that the gravitational force
on the elephant must be two million times as great as the gravitational
force on the necdle.

Whatever else may be true for gravity at and near the earth’s surface,

the force of gravity depends directly on the mass of the object being
pulled. But the acceleration of any object by gravitational force is the
same —no matter what the object’s mass. Elephant and needle fall
downward at the same rate. Their acceleration is constant, Their speeds
increase by 32 ft/sec each second.

40
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TOWARD THE CENTER

Next let’s look around the world. Suppose a boy in Liberia drops a ball
down a stairwell to find the distance fallen in one second. Will he get
the same result you did? Suppose a girl in Chile tries the same experi-
ments. What aceeleration number will she find?

The circle below is drawn to represent the earth, The arrows show
the force of gravity pulling on a falling ball in three places around
the earth. Use straight lines to extend the force arrows on a tracing
of the drawing until they intersect. Where do they meet?

It would seem that something at the very center of the earth exerts a
force on objects near the surface. Perhaps vou would say that it is the
matter of the carth. But not all the matter of the earth is at the center—
4000 miles below us. The material of the earth is spread out in the form

of a huge sphere. You live on the surface of this sphere,

Isaae Newton went to great trouble to satisfy himself that the gravi-
tational force exerted by a sphere of matter on any outside object is
exactly the same as if all the matter in the sphere were squeezed to-

gether to a point at the very center.
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So wherever you are, on or near the surface of the earth, the force is
always directed downward —toward the center of the earth. And the
acceleration of gravity is practically 32 ft/sec each second toward
the center,

Here’s a punzzle, Can you imagine where the acceleration of gravity
might be less? Can you guess why?

42
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CHAPTER 6

Bumps, Curves, and the Moon

You have seen how gravity works near the surface of the carth. You
know too that somehow the gravitational foree of the earth rules the
motions of ohjects far from the carth’s surface. Man-made satellites go

around the earth. The moon orbits around the earth once a month.

In order to understand more clearly how gravitational foree alfects the
motion of a distant object like the moon in its orbit, lets first ind ont
how straightline motion may be changed.

@ Find a ruler with a groove along its length. At one end of a long
smooth table, prop up one end of the ruler to form a ramp with a
gentle slope. Keep the ramp in a fixed position by packing clay at
the sides. Place a marble near the top of the groove. Let the marhle
roll. The instant after the marble leaves the ramp, measure its
motion for exactly two seconds. Place a mark where you start
the timing.

Place another mark where the marble is one second later, then

where it is a second after that. You should have three marks on
the table.

Il the table is very smooth and level with the floor, and if you timed
precisely, your marks should he evenly spaced in a straight line.

Roll the marble several times. Start from the same point on the

ramp. Do the best you can to measure time precisely.
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Use a yardstick to find the average distance traveled in each second,
Compare the speed for each second. Do you find much of a difference?

Perhaps your marble moved due east at a speed of 2 ft/sec. You can
make an arrow diagram to represent the motion of the marble,

Choose a convenient scale to represent speed. For example, suppose
vou decide that one inch represents a speed of | ft/sec. How long should
vour arrow be to indicate the speed of the marble at 2 ft/sec? What way
was the marble moving? In what direction should you draw your arrow?

Look at the diagram below. Which arrow best represents the motion of
vour marble in a second? Can vou explain why?

S \

— >

The arrow tells two things about the marble’s motion, It shows the speed
of the marble, 2 ft/sec. It also indicates the direction the marble is
moving — cast,

When arrows are used in this way, they are called rectors. You can
always extract two bits of information from a vector—amount and
direetion. The length of a vector may show the strength of a force or the
speed of an object. The direction of a vector may show the direction that
a foree is acting or an object is moving. At this time, you will be working
with vectors that show speed and direction. Such vectors represent
relocity.

Velocity is something like speed, but not exaetly. Two pupils run away
from a telephone pole at the same speed. Will they arrive at the same
place at the same time? Not necesswrily, What if one runs east and the
other runs north?

Now suppose the same pupils run away from the telephone pole at the

same relocity. Will they arrive at the same place at the same time?
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%) Turn & wagon or a bicvele upside down and stick a hit of white
adhesive tape onto one of the tires. Now spin the wheel slowly and
wateh the tape. The tape moves in a cirele at a certaiv speed,
mayhe 5 mi/hr. The speed stays the same for a while, but the
direction of motion is changing all the time. At one moment, ihe
tape is moving upward at 5 mi/hr. Hall o turn later it is moving
downward at 5 mi/hr.

If you are going to describe the velocity of the tape, you must tell hoth
its speed and direetion at that time, Its speed is constant, but the direc-

tion always changes. so the velocity of the tape is constantly changing.

Think of the wind. One afternoon it may be blowing 10 mi/hr toward the
north: the next afternoon, 235 mi/hr toward the southeast. Each of these
quantities is a velocity vector. You can draw a velocity vector for any
moving objeet by laying vour ruler in the correct direction-and then

measuring off the speed on whatever scale you choose.
@ Practice using vectors by trying these examples:
I. The vectors below have been drawn to a scale of Y2 inch to 10

miles an hour. Use a ruler to find the speed. Then read the

velocity of cach vector.

N
/
— - ¥

Wo— kg (1) (2)
) } (5)

S (3 (4)

o

Using the same scale and directions as above, draw velocity
vectors for the following quantities: (a) 4C mi/hr south; (b)
30 mi/hr southwest: (¢) 60 mi/hr northeust.
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3. Select your own scale. Draw a velocity vector to show your
motion from your scat to the pencil sharpener if you make a
15400t beeline trip in 5 seconds. Does your vector show speed
and direction?

4 Aturtle and a rabbit start a race together. They both run in the
same divection. Stop the race. The rabbit has run 50 times the
speed of the twtle. Draw velocity veetors to show the motion of
both animals. Use a convenient scale for your vectors.

On page 44 you made a velocity vector to represent the speed of the
narble and the direction in which it moved. While the marble was
moving on the table its velocity was practically constant. Can vou
explain why?

@ Put the marble in motion again. but o it another way. Place the
marble at the middle marker on the table. Have a partner stand at
the side of the table, facing the middle marker. On signal he blows
a quick, sharp blast of air against the marble. Keep time as in the
previous activity. Place a marker at the marble’s position at the
end of the first second. Do the same at the end of second No. 2.
You will make better measurements if you try several times. Find
the average of the distance moved in each second. Draw a vector
of the velocity of the marble. Use the same scale vou did with the

ramp: 1 inch represents a speed of 1 {t/sec.

Transfer the velocity vectors of the marble from each activity to a sheet
of paper. Examine each vector. Compare the speeds of the marble in
cach activity. Compare the directions. Can you make a comparison of
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the size and direction of the net force that made the marble move along
the table in each activity? Remember that a marble, or any object, will
be accelerated in the direction of a net force.

ramp vector

i
=

v

l wind vector

S

A uet force caused the marble to change velocity each time. Let’s find
out what will happen to the marble when you combine velocities.

@ Now for some teamwork. Ask your partner to stand next to the
middle marker. Roll the marble down the ramp exactly as before.
Keep time carefully. Just as the marble passes the middle marker,
your partner should blow as hard as before against the rolling

marble. He would have to practice to time the air blast just right.
Notice the position of the marble 1 second after the blow. Place a
marker at this position. Repeat this activity several times to find
the average position of the marble 1 second after it was blown.

L

Draw a new velocity vector to represent the motion of the marble during
the last second. Is this new vector like either of the old vectors? Why
did the marble change velocity? Look at the diagram at the top of page
48 to see what happens when velocities are combined.
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One vector describes the velocity of the marble as it rolls from the ramp
across the table. The other vector describes the velocity of the marble
after it is blown from a position at rest. When these two velocities are
combined, the direction of the marble is changed and it has a different
velocity. And when the velocity of an object changes, it has been ac-
celerated. If the marble is accelerated, a net force must have heen
exerted on it. Look at the vector diagram. Notice the vector for the new
velocity, particulary its direction. Try to make a reasonable guess about
the direction of the net force that accelerated the rolling marble.

velocity from romp

T~ lblusf velocity
nNew VGIOCI\T‘V\‘ ——

You already know that when an object changes speed it is accelerated.
Now you also find that when a marble changes direction it is accelerated.
These two ideas can be combined into one statement. When an object
is accelerated, its velocity changes. It moves at a new velocity —at a
different speed, or in a different direction, or both.

When vour friend blew, the marble was accelerated to a certain south-
ward velocity. When that velocity was combined with the original velo-
city from the ramp, the marble was accelerated. And it moved with a
new velocity.

A swimmer wants to cross the Mississippi River from lowa to Hlinois.
He dives in and swims eastward at 3 mi/hr. Notice this velocity vector
in the diagram above. But the river ig flowing south at 4 mi/hr. Notice
this vector, too. What is his velocity as seen from the shore?

48 19
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You can find the answer by putting the tail of either vector at the tip of
the other one, as you see in the diagrams.

The length of the dotted line that completes the triangle gives the speed
of the swimmer. lts direction shows the direction of his progress as seen
by anybody on the shore. He moves with a velocity of 5 mi/hr in a gen-
erally southeast direction, landing downstream.

swimmer
Ay = + A
\ \
\ \
X X
\\ T ) \
x g 2 “
N \ 3 =3 \
\ T3 o] \
X - £ X
\ \\
N 1 )
w E X x
\ \
\ i A
S swimmer

Try these two problems with pencil, ruler, and paper. Set up your
compass directions and make a convenient scale for speed.

A

4

L. A plane flies north with an air speed of 100 mi/hr, hut the wind
is blowing toward the southeast at 40 mi/hr. Make one vector
showing the velocity of the airplane northward. Make another
vector showing wind velocity. Put the tail of the wind vector to
the tip of the airplane’s vector. What is the speed of the plane
over the ground?
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2. A man rows a boat south at 3 w+/hr through a current that is
flowing west at 3 mi/hr. How %ast is he moving over the river
bottom and in what directior .

Probably you .. . Luet+ trouble finding the direction of the velocity
vector of the swimmer, the plane, and the boat. But if it was difficult to
describe the direction of the net force that changed the velocity of the
marble. don’t be a bit surprised. The net force worked for only a fraction
of a second~too quickly for you to notice. The following activity will
help you find the direction of a net force which results in a certain
change in velocity.,

Place a book at one end of a smooth table. Have a friend roll a
marble along the table straight toward the book. Just as the marble
is about to hit, give it a slight whack with the edge of the book. Try

50 . 51
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to bounce the marble so it rolls straight back to your partner at the
same speed he rolled it toward you. Try this activity several times
until yon have the ball rolling each way at about the same speed.

In this activity the marble changed veloeity when it struek the hook. It
was accelerated when a force was applied. In which divection was the
book moved? In which direction was the force acting on the ‘marble?

Try the activity onee again. Your friend rolls the marble just as he
\ \ £ J

did before. But this time you do not shoot the marble back to him.
Instead. yvoun give the marble a slight whack so that it travels off at
right angles to the old path. Find the best position and move your
book so you get the angle just right. Try to keep the speeds
the same,

Once again vou are accelerating the marble, In which direction did you
o . tal )
move the book? In which direction is the force acting this time?

To find the exact direction of the force that accelerated the marble,
make a record of the marble’s track.

Place a large sheet of black construetion paper on the floor oron a
farge table. Place a book in the middle of the sheet of paper at the
proper angle. This time the book is stationary. Set up a ramp as
shown on page 52. Make the ramp fairly steep and fix it in position
with cluy. Roll a steel ball or a heavy marble in some talcum
powder. Let it roll down the ramp. The marble will leave a powder
trail on the paper, recording its track before and after the collision
with the book.
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On the black paper, mark a chalk line along the edge of the book where
the marble has bounced off. Remove the book and you see a track of the
marble’s motion before and after it struck the book. And by using
vectors you can find the direction of the net foree that causes a change
in velocity.

Call the marble’s path before collision the old velocity and the path
after collision the new velocity. Assume that the marble loses no speed
due to the collision. Suppose the marble travels at the speed of 1 ft/sec
before and after collision. Place a dot to show the marble moving along
the old velocity line one foot before the collision point. Do the same
along the new velocity line one foot after the collision point. Make
arrows to show the velocity vectors. So in two seconds the marble moves
with its old velocity, collides with the hook, and moves off with a new
velocity.

e ——— | —mme— = V ———————

; I

> N & < !

Where is Y |

the changing C |

force? X

' E
Fig.! Fig.2 Fig.3

If the book were not in the way, the marble would have continued
moving at the old velocity. One second later it would have been in a
position at the tip of the dotted arrow above. But at the instant the
marble did hit the book, it was accelerated. The marble moved with
new veloeity. You know that the acceleration was due to a force from

.
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the collision with the hook, With vourr vector diagram, vou can find the
direction of the force that accelerated the marble to a new velocity.
Simply draw a straight line from where the marble would have been
without the book to where it actually was one second after collision.
This line tells something about the change of velocity that resulted in
the new veloeity of the marble. Tt also tells von about the direction of
the net foree exerted on the marble at the point of collision,

@Tl‘}' the same activity as the previous one, but use two hooks.
Arrange them so the marble will hounee off the first hook and hit
the second one. Experiment until vou get the marble to roll in the
marnmer shown below, When vou are ready. dust vour marble and
fet it roll.

Mark the edge of each book. Try making foree arrows as vou did hefore.
Notice the direction of the foree each time the marble collides with a

“hook. And each time a force is applied. the marble is accelerated. It

rolls along a new path,

Most people have watched a hilliard hall bounce off the side enshion of
a billiard table. Picture a square hilliargd table, as in the diagram helow.

I
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Imagine that the table is extremely smooth =0 that friction will not stow
the ball for a long time. Now shoot from the center of any side toward
the center of an adjacent side, The dotted line shows the first trip of the
ball around the table. Notice the veloeity of the ball after each collision.
What are the directions of the forces that accelerate the ball at each col-
tision? Think of your experiments with the book and the marble. Where
do all the force arrows point?

Next imagine shooting the ball on a billiard 1able of five equal sides.
Shoot from the center of any one side 1o hit the center of the next side.
Draw a diagram with vour own foree arrows to explain the acceeleration
of the hall. Where do all the force arrows point? Notice the angle be-

tween the enshion and the ball’s path. 1s the angle the same as on a

square table?

Now imagine trving the same thing on a bithard table with a hundred
equal sides. Shoot from the center of one side to the center of the next
side. This time the distance hetween impacts is rather small, and so is
the angle between cushion and track, The ball makes 100 collisions
cach go-around. What about the change of velocity and foree at each

impact? Where do the foree arrows point?

tmagine a table with a million equal sides. What happens? The shape of
the table is almost cireular: the impacts of the ball are very frequent.

Finally. think of a perfectly circular table. The ball is touching the
cushion continuoushv. The angle bhetween cushion and track is zero.
What is the path of the ball as it moves around in its track? What is the
direction of the force being exerted by the cushion on the ball? In

which direction is the ball being aceelerated?
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@ You canmake a madel of part of a circular billiard table by entting
a paper plate in hall. Roll o marble toward the plate so that it
travels around the rim. The track is straight before and after. But
when the marble is in contact with the rim, what can von say abont
its velocity vector? About its acceleration? About the force
on it?

-0

The moon goes around the earth in an orbit that is nearly circular. Let ns
imagine that it ix cirenfar. The moon is not tied to the earth with a
celestial chain, nor is it rolling around the rim of a huge pie plate. Yet
it continues to move around month after month in its orbit, responding
to a constant pull. From vour experiments with the books and bithiard
tables, yon have learned about the divection of a force that causes
objects 1o move in a constantly changing path. If von were to draw
many, many force arrows o explain the acceleration of the moon, where
would all these arrows come together? And at the center of the cirele,
what do von find exerting a pulling force on the moon—yesterday,
tomorrow, and in a hundred mitlion vears?
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CHAPTER 7

Newton and Gravitation

Isaac Newton was born in England in 1642, a year after Galileo's death
and twelve years alter the death of Johannes Kepler (voe-HAHN-ess
KEP-ler). Galileo had studied motions of objects here on earth; Kepler
discovered three laws that described how planets move. One of Newton’s
particnlar intevests was to follow up the work of Galileo and Kepler, who
described how objects move here on earth and out among the planets.
Newton went further and answered the question of why things move the
way they do.
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A story s told that Newton, in a thoughtful mood one day, watched

an apple fall from a tree in the orehard near his home in Woolsthorpe-

by-Colsterworth. Watching the apple fall, Newton wondered if the foree
A & Pl

pulling the apple was also at work far from the earth.
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MOON AROUND THE EARTH'

From the work of Galileo and other seientists, Newton knew that the
acceleration of the apple, or of any freely falling ohject near the earth’s
surface, was 32 {t/see each second toward the center of the earth.

He knew that the moon was heing accelerated toward the earth as it
moved in a nearly circular orbit—onee around every month, And this
acceleration had to be caused by some force from the earth, pulling the
moon_continnously toward the earth. Newton was confident that this
force was gravitation, that it was indeed the same foree that brought the

apple to the ground.

But is the pulling foree as strong at the moon’s great distance as it is
here on the surface of the earth? Perhaps it is stronger out there; or
perhaps weaker, Lets find the aceeleration of the moon in its orbit as
Newton did. When we are finished, we can compare the aceeleration of
the moon witlt the aceeleration of an object near the surface of the earth

— 32 ft/see cach second.

The first task is to figure out how fast the moon is traveling along its
orbit. The orbit is nearly circalar, and the average distance from earth’s
center to moon’s center is 240,000 miles.

orbital period — 27 doys

When vou kunow the radius of the orbit, you can caleulate the circum-
ference. Work it out for vourself.
C=2XTXR
C =2 X 3.14 X 240,000
Your answer will be in miles.
The moon takes about 27 days to complete one orbit. How far does the

moon travel in this time? Now fignre out the moon’s speed in miles
per day.
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A more convenient way to describe the moon’s speed is in feet per
second. If you changed the unit of measure from miles per day to feet

per second, you would find that the speed of the moon is approximately
F400 [t/see.

The next task is to find how muech the gravitational force of the earth
pulls the moon from u straight-line path. It takes 27 days for the moon
to complete a full circle. How many degrees are in a cirele? Figure out
how many degrees of a cirele the moon travels in a day.

Picture the moon’s orbit. Dots in the illustration below show the posi-
tions of the moon at two moments exactly one day aparl. An arrow
represents the velocity of the moon at each position. With a vector
diagram you can find the acceleration of the moon.

On page 59 two velocity vectors are drawn to scale. They are drawn
from a common starting point. When you use vectors this way, you can
estimate the change of \vlm ity when the old velocity and the new ve-
locity are known.

The moon’s orbital speed i 3400 ft/sec. On the vector diagram. one
inch equals 1000 ft/sce. To represent the speed of the moon each
vector is 3.4 inches long. The angle betwees: the two vectors is 13.3°.
Draw the vector to vepresent the change of veloeity. The change vector
goes from the tip of the old velocity vector to the tip of the new ve-

locity vector.
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old velocity

Measure the vector showing change of velocity, 1t is eight-tenths of an
inch long, representing 800 fi/sec. Thus, the change of velocity of the
moon is 800 ft/sec during the course of one day. This acceleration is
in the direction of the earth. The moon’s acceleration toward the earth

1s 300 ft/sec each day.

\
The moan falls \ f
this much toward | /
the earth. \ /

240,000 miles

track with force

There is one more task before we can compare the apple with the moon.
The apple’s acceleration is 32 ft/sec each second; the moon’s is 800 ft/
sec each day. The units of time for apple and moon are different, so you
will have to ehange the units for the apple to the same units you used

for the moon.

First find the number of seconds in a day. Then work out the accelera-
tion of the apple in feet per second each day. Compare, as Newton did,
the acceleration of the apple with the acceleration of the moon. How

many times greater is it? Work it out,

apple’s acceleration _

moon’s acceleration

If you could make a very accurate drawing on a large scale, and if all
your measurements were precise, you would find that the acceleration of .
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the moon is 3600 times smaller than the aceeleration of the apple at the
carth’s surface.

Although Newton worked hard to find the acceleration of the moon, he
still wasn't finished. He wanted to find a general rule to describe how
the earth’s gravitational pull on an object depends on the distance of
the object from the earth, Compare the only two examples that Newton
knew—apple and moon. How far is the apple from the earth?

Remember that Newton worked very hard 1o show that the spherical
earth altracts objects as if all its matter were squeezed together at the
center. The diameter of the earth is about 8000 miles. How far is an
apple from the center? How many times as far away is the moon from
the earth’s center? Look at the diagram below.

4,000 miles @
|
L 240,000 miles |
T —*1
| |
1

1 unit @
1
|
b units |
= -

Divide the distance of the moon by the distance of the apple. Enter the
number in your copy of the table below.

Look at the number you get and then compare it with the number you
found when you compared the two accelerations—apple and moon.
Puzzle over them until you can make a good and satisfying guess how
the earth’s gravitational force changes with increasing distance from
the earth.

/ Distonce Acceleration
@) = | |

3600
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Try these problems to see if you made a reasonable guess. A space
probe on the Taneh pad is 1 carth radius from the center of the
earth, Call the earth™s pull on it a foree of 1 anit, Later, at various
points along its orhit, the strength of the gravitational foree is
different. Copy and fill in the following table.

Distance from Center Earth Radii Strength of Force
(miles) (units)
4000 1 1
8000 2
12,000 !
16,000
20,000 =
40,000 10
240,000 5556

From your work with the table, try to make a precise statement
abont how the strength of the earth’s gravitational force is related
to distance [rom the center of the earth.

You have found that the earth exerts a pulling force_on any object
whatever— near or far away. Our studies of falling objects here on earth
are local examples of something more widespread. The force of
gravitation affects the motions of all objects— here at home and out in
space. So molions in space are linked with motions here at home. This
is a far cry from the sharp difference in motion that was believed to
exist belween objects on earth and objects in the sky in Aristotle’s time.

PLANETS AROUND THE SUN

You know that the moon moves in orbit because a force constantly ac-
celerates it toward the earth. And you have found how the acceleration
of an object by the earth decreases with distance. Newton looked far
beyond the moon and puzzled over what Kepler had learned about the
motions of planets. What caused the planets to move in the way they
were observed to move?

Newton had a strong hunch that a pulling force was acting on each
planet, continuously accelerating it toward the sun. He wondered if
perhaps the sun exerted the same kind of pull that the earth did—
gravitational force. And if it did so, did the force work in the same
way? Was it stronger close to the sun? Was it weaker far away?
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From Kepler's work Newton knew the distinees from the sun to o num
ber of plancts. He also knew the orbital periods, and so he could easily
figare the speeds of the planets along theiv arbits, In the sane Wiy s
he had done for the moon, Newton calenlated the aceeleration of each
planet in its orbit around the sun,

Planet Average Distance Acceleration
From Sun (earth = 1.00)
(a.u.)
Mercury 0.38 6.93
Venus 0.72 1.93
Earth 1.00 : 1.00
Mars 1.52 0.43
Jupiter . 5.20 0.03
Saturn 9.55 0.01

The table above tells the distance and acceleration of cach planet
known to Newton. All distances and accelerations of planets are given
i units that make them easy to compare. Study the table. What do vou
notice about the distances and aceelerations of the planets?

Lets try to find ot more precisely how aceeleration depends on
distancee,

Planet Distance Acceleration
From Sun (earth=1)
(a.u.)
Saturn 10 w0 L igs)
Jupiter 5 5 (5)
Earth 1 1

Satrn’s distance from the sun is roughly ten times that of the earth.
But its aceeleration is only about one one-hundredth as much. Jupiter is
about five times as far from the sun as is the earth. What should its
acceeleration he?

Repler's rules explained how the planets moved. Now Newton was able
to show why they contimted moving along in orbit. The planets were
captives of the sun’s gravitational force. This foree reached invisibly out
into space. controlling the motions of the planets. Indeed. ift Newton’s
work is right, the planet must move in the way we observe them to do.
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Guavitation works fur heyond the earth. You lave seen that the sun
exerts the same Kind of gravitationnl pull o planets as the eacth does
on an apple and on the moons And vou Tuve found that the strength of
the foree is related to the ineerse square of the distunee, Gravitational
attraetion aceonnts not ondy for the motions of hodies in the carth’s
ueighhorhood, hnt also for the motions of planets aronnd the san,

GANYMEDE AND THE MOON

How does gravitation affeet the motion of moons around other planets?
The four biggest satellites of Jupiter, discovered by Galileo and known
to Newton, orhit regnlardy around their parent planet. The Targest of
them is Ganymede (GAN-ch-meed)e it orbits about 670,000 mites from
center of Jupiter.

Look below at the table of the velative distances and aceelerations of the
four mwons. To make comparisons a ittle casier, the distance of Gany-
mede is 1O it from Jupiter and its acceleration is 1.0 unit. Callisto
(kuh-LISS-toe) is about three times as far from Jupiter as is Europa (you-
ROW-pul). And the aceeleration of Callisto is about one-ninth that of
Furopa. Compare the distanees and aceelerations of lo (EYE-0oh) and
Ganyvmede, Does the same kind of relationship exist? Does the inverse

square: law seem to work for Jupiter’s moons?

Satellite Distance Acceleration
lo 0.4 6.6
Europa 0.6 2.5
Ganymede 1.0 1.0
Callisto 1.8 0.3

Now turn to a new kind of puzzle. Compare Ganymede going around
Jupiter with the moon going around the carth. Ganymede’s neardy
circular orbit has a radius of 670,000 miles, almost three times as far
from Jupiter as our moon is from the earth. Can you make a prediction
about Ganymede’s aeceleration toward Jupiter? Should it be as great as
our moon’s acceleration toward the carth? Inverl the square of three and
what do vou get? So vou may prediet that Jupiter will aceelerate
Ganyvinede only one-ninth as mueh as the earth aceelerates the moon. If
Ganvinede's aceeleration is worked out, however, it turns out to be not
one-ninth the aceeleration of the moon, hut 40 times as great as the

acceleration of the moon.
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What is wrong? Why was the predietion so fave off? Does the compurison
ol the moon and Ganymede mean that the gravitational vides don'y
apply 1o satelites of other planets? What is the trouble? You know that
Jupiteris the most massive planet in e solare systen, more massive by
(e than the earth, Think about it

You have scen that geavitational foree depends on the inverso square
of the distanee hetween two bodies. Gravitational foree also depends
on soniething else, Newton was able 1o aecount for the saprisingly great
aceelevation of Ganymede around Jupiter, He reasoned that the gravita-
tional foree exerted by Jupiter depended on the mass of Jupiter itself, s
well as onthe mass of Ganymede, In the same way, the gravitational pall
by the sun ona planet depends on the mass of the sun, as well as on the
mass of the planet. In fact, any gravitational foree depends on the
mass of the larger object and also on the mass of the smaller object,

Now we can put together these ideas about distance and mass to nake o
single statement about gravitation, The strength of the gravitational
force is proportional diveetly to the produet of the two masses and
inversely to the squave of the distance between them, This statement is
called the law of gravitation and can be represented this way:

mass | X mass 2

f()r('(' —~ N
distance squared

DOES GRAVITATION WORK BOTH WAYS?

Heve is a puzzle. You know that the sun pulls on the earth and keeps it
in orbit, But yvou also know that the carth pulls on the moon and keeps
the moon in orbit. In any given pair, how are we to decide who is pulling
on whom? Is it the more massive hody that exerts the gravitational pull

on the less massive body?
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Think haeh to your statesent abont geavitational foree, Npply it o the
carthy The earth pulls oncany oljeer omtside isell with o strenpth thal
depends diveethy an the produet of the two masses and insersely on the
sepinre ol the distunee hetween them,

Wt Taw i e then the carth pulls oot only onc the moon and o
applesy i also pudls o the sune Why? Beemse the sun s certainly an
objoet with muss,

M(oarth) x M(moon)

F b

More than that, the carth pudls on the sun with the same strength th
the sun potls on the carthe Fiest read the Taw of gravitwtion as the sun
would, =1, the sun, pull on the carth with astrength that depends diveetly
on the produet ol my mass and the mass ol planet carthy, and inversely on
the square of the carth’s distanee from me,”

M (sun) X M (earth)
12

I" ~

Now read the taw as the carth would, 1 the cavthe pull oncthe sun with
a strength that depends divectly on the produet of my mass and the mass

of the sun, and inversely on the square of the sun’s distance from me,”

M earth)y X Misun)
1

I

All three quantities that appear in both statements are identical at any
one instant. So the forees are equal in strength, Bat they are opposite in
direction. The sun pulls the carth toward the san: the carth pulls the sim
toward the carth. They poll toward cach other with the same strength.
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Thiv paie of equal Dot opposite forees is an example of another very
important rule diseovered by Newton, He said thal all forees eome in
paivs, When you pusha shoe hos aervoss the oors the hox pushes haek.
ward on your hand with the same strengthe And as soon as thie hox starts
Lo movey the lToor exerts a feiction Toree that slows the box down, Phe
box in ten exerts an opposite foree on the floor,

[IK) Pl with all your might on the knob of a loeked door, Make sive
you have a tight geip on the knob, I which diveetion ave you
exerting a fovee on the knob? Andin whieh direetion does the knoly
pull you?

}

While vou are pulling, another force-pair was acting on vou. In which
. Lol Lol .
divections were cach one of this pair of forees acting?

By observing force-pairs at work, vou can see their effects on objects,

%} Attach one end of a long string of rubber bands to the front of a
small cart. The string should he about 10 feet long. Attach the
other end to the front of an identical cart. Yon and a helper
sepavate the carts until there is a good stretch to the rabber band.
Predict what will happen to both carts when they are released. At
the connt of three, let both go at the same instant. Watch the mo-
tions of the carts,

10 .
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Next pliee equal masses inceaeh carte Separate the earts by the
s distunee us before so you Keep the Toree the siames What will
happen 1o the motions of the earts this time? Let go together and
waleh whal happens,

Finally, place both masses in one earte Leave the other empty,
Repeat the activity. Notice how cach cart is aceelerated,

Here is what may look like an odd puzzle. Sinee forees always come in
equal and opposite pairs, what happens it you elimb out on the roof and
step off? You are pulled downward by the foree of gravity, But gravita-
tional forces work both ways, The carth atracts downward, and so vou
must attract the cavth upward with a foree of the same strength, Can it he?

—t—> —y—,

You indeed pull upward on the earth as strongly as it pulls downward
on yvou. But the mass of the earth is many, many times greater than
vours. So its upward aceeleration is many, many times smaller than your
downward acceleration, The earth doesn’t come halfway up to meet you.
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e e e e

Try to imagine all three billion people of our planet elimbing to the top
of atower that is one mile high. Then they jump off all at once. The earth
doest’t come halfway up to meet thems: it is so massive that it only
moves upward a few billionths of an inch while the people are fatting
the mile.

GRAVITATION CLOSER BY

Newton solved the puzzle of why things move as they do— here on earth
and far off in space. As you have seen, most of his reasoning was hased
on the motions of very distant objects —moon. sun, and planets. In his
day. the only pertinent earthly quantity that could he measured directly
was the acceleration of objects near the carth =32 {/sec cach second.
With just this one number in this very small part of the universe, plus
his limited knowledge of faraway celestial bodies, he invented a com-

plete theory of gravitation,

But in ater vears some seientists wondered if there might be additional
carthly evidence of gravitation at work. o the 1770 the British
astronomer Nevil Maskelyne (Mass-kuh-line) thought of a possibility,
To get started, he imagined two identical plumb lines suspendéd ten
miles apart on a flat carth. Nothing was in between. When the masses
stopped swinging in this imaginary situation, you would expeet them to
look as you see them in the drawing on the left, Why?

Nest he imagined there was a large mountain between the suspended

10 .

masses. He had o huneh that they would not point in exactly- the same
direction as before. Can you goess what he thonght? Explain why.

Desceribe how the plumb fines would hehave,
Maskehyne knew that a telescope pointing upward could be placed

parallel to cither plumb line, He guessed that when the telescope was
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placed parallel to the plumb line on one side of the mountain, it would
not point to exactly the saine spot in space as when it was placed
parallel to the other plumb line.

Then Maskelyne performed the experiment. He took into account the
carth’s curvature and all other effects that might give him trouble. One
evening he set up his telescope north of the mountain and sighted it
very carelully on a star crossing the zenith. The next night he set his
telescope south of the mountain and watched the same star crossing the

| 2 i

north side
of mountain

south side
of mountain

\

// K

zenith. Its position in the telescope was not quite the same. Could the
mountain’s  gravitational attraction be affecting his measurements?
Maskelvne figured earefully and was able to show that the mass of the
mountain did indeed exert a gravitational foree.

Some years fater. around 1800, Henry Cavendish of England was able
to measure the effect of gravitation between bodies of ordinary size. He
made equipment in his laboratory, worked very carefully, and made
precise measurements.

7 aa



To help you understand how Cavendish found a way to measure the
effect of gravitation, work this thought experiment. Spheres of equal
mass are mounted at each end of a rod. The rod is adjusted so that it is
perfectly level,

QY
N
\\\‘

Now without changing anything else, place a large massive sphere under
one end of the rod as in Figure 1. Alter a time, what happens to the
rod? Will it remain level? Why? What is missing in Figure 22 What will
happen to the vod in Figure 37

olic

Fig. 3

@)

N

Fig. 1

Here is gravitation at work before your eyes. But this experiment is
very difficult to perform because the force of attraction between the
various spheres is extremely small. For example, take a pair of golf balls
and put them two [eet apart in space, motionless, The force of attraction
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wonld be so weak that it would take them two full days to come together.
And if you could put two large aircraft carriers in space a world apart —
8000 miles from each other—it would take about 100,000 years for
them to collide.

s
BN
ke
Q ‘-" ' \l/
[
OUTWARD

You have seen how Isaac Newton, with help from Galileo Galilei before
him, found some general rules abont motions and forces of all kinds. If
no net force is exerted on an object it continues to move in a straight
line. If there is some net force exerted on an object its velocity changes;
it accelerates. If you push a wagon eastward with a certain strength, how
does the wagon push you?

You have also learned how the force of gravitation works — how it rules
the motions of an apple or the moon, and how it rules the motions of the
planets around the sun.

Newton looked elsewhere in the universe as it was known in his day.
The satellites of Jupiter discovered by Galileo were continuing in their
orderly orbits around that planet. And in Newton’s lifetime five satel-
lites had been discovered moving 2round Saturn. All these celestial bod-
ies were moving as they should, responding to the force of gravitation.
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The final leap that Newton made was to guess that tise. rorce of gravi-
tation works wherever there are tcterial ohjects. Every niece of inatter
in the universe —star, sun, speck of dust—attracts every other piece
of matter.

N s'p\eck

of dust

And so Newton’s universal law of gravitation was born. From that day
until this, scientists have known how gravitation works. They can make
predictions where Mercury will be twenty days from now, or tell just
where the moon was 487,329 years ago today. Newton’s theory tells us
very precisely how gravitation works. And so it is curious to some that
even today we do not really know what causes a gravitational attraction
between objects. We know what an apple is; we know what a moon is;
but nobody knows who! gravitation truly is.
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CHAPTER 8
Orbits Near the Earth

IN CLASS AND INTO SPACE
Roll a rabber ball at different speeds across a table. Observe the
path of the hall as it goes over the edge.

I. Start with zero hovizontal speed by simply letting the ball drop
off the edge of the table. What kind of path does the ball take?

|

l
!
|
|
4

2. Swll the ball horizontally at slow speed. The ball erosses the
table, but at the instant it is launched off the top, it aceelerates
toward the earth. It moves horizontally a little way and at the
same time enrves downward, following a path that is part of an
ellipse. When the ball is launched horizontally, the launching
point is the farthest distance of the ball from the center of the
carth. The high pointis called the apogee (AP-ch-jee) of the orbit.

-
/{'——_
=
Ve
/
/

p .
l

3. Roll the ball horizontally at high speed. The path after lanneh

is part of a bigger ellipse. The ball flies farther before striking
the floor. Again the lannehing point is the apogee of the orbit,

—— a— —_———
e ——
e

Does the ball move too quickly for vou to wateh its path? You will have
more time to study the motions in the next activity.
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Tape large pieces of black construction paper to a table top. Raise
one end of the table about four inches. Mount a grooved ruler near
the higher end of the table as shown. Tilt the ruler to form a ramp,
Keep the ruler fixed in position with small Tumps of elay.

Roll & marble or steel ball in some talcum powder. Place the
dusted marble about 2 inches from the bottom of the ramp. Let the
marble roll. When the marble leaves the end of the ramp it should

be traveling at a slow speed.

As the marble rolls across the paper it leaves a curved track.

Notice the shape of the track.

Next place the marble higher on the vamp so that it rolls off the
ruler with a greater speed than before. Repeat this activity a
number of times. Launch the marble with different speeds and
compare the tracks. How does the aunching speed seem to affect

the path of the marble?

_—»19AFT apogee
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Now imagine you have a slingshot that lets you shoot pebbles at any
speed you want. Go to the top of a very high tower so that buildings and
even mountains won't be in the way. Shoot the pebbles faster and
faster so they go farther and farther hefore hitting the ground.

5 mi/sec P

Imagine a launching speed of 5 mi/sec. Each second the pebbles
move horizontally five miles. At the same time it also is falling toward
the earth i a curved path, accelerated by the force of gravity. But mile
alter mile the earth’s surface also curves, so the pebble never gets any
closer to the ground. Do away with air resistance and the pebble goes
aronnd and round the earth in a cirealar orbit. At 5 mi/sec it circum-
navigates the globe in a near-perfect cirele every 84 minutes.

S5mi/sec 5 -

In this way satellites are lmmehed into orbit around the carth. Rockets
accelerate the satellite to a velocity of at least 5 mi/see in a horizontal
direction. When the satellite is sprung loose, it continues to move
aromd the earth withowt need for fuel, It obevs the same rules the

moon does.



Next, imagine launching a pebble with a greater horizontal velocity.
At 6 mifsec it moves along a larger orbit. The path is again an ellipse,
but this time the pebble’s closest point to the carth—the perigee
(PAIR-ch-jee) —is at the slingshot.

6mi/sec perigee

~
~ __Opogee .~

— g

Is it possible to shoot or launch something at such a fast speed that it
will never come back to the earth? Shoot the slingshot horizontally at
7 mi/sec. The pebble escapes the carth forever. No matter how far away
the pebble travels the carth continues to pull back on it. But the earth’s
gravitational force cannot slow it down enough 1o make it return.

7mi /sec
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When the pebble is several times as far away as the moon, the more
massive sun will take gravitational control of it. The pebble will go into
an orbit around the sun in the same way that a number of spacecralt
have heen launched into solar orbit. The pebble will become a tiny new
planet in the solar system,

Imagine one last shot—at 1000 mi/sec. This time the pebble leaves the
neighborhood of the earth very quickly. It has such great speed that not
even the sun's gravitational force can hold it in the solar system, In a
few weeks it moves out beyvond the orbit of Plhuto. The pebble slows down
a bit and curves slightly because of the back pull of the sun, the earth,
and the other planets. But not much. It has a one-way ticket outward.
After thousands of vears you will find it out among the stars, moving in a
straight line at constant specd away from the solar system.

AT THE CENTER OF THE EARTH

Imagine being in a spherical hole at the very center of the earth. No
longer are vou at the surface where the aceeleration of gravity is 32
ft/see each second. Nor are you twice as far from the center, where the
gravitational accelevation is only one-foirrth as much. Do you think the
force of the earth’s gravitation would be very strong at the center of the
carth? How would vou begin o move? Puzzle it out.

HOLES AT THE POLES

Now think about a very unusual kind of orbit. Imagine that you can dig
a hole straight down into the carth from the North Pole through the
center and on to the South Pole. Forget about cave-ins and the rushing
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of air into the hole. hnagine you simply have a straight tunnel "umgj

)

Step into the hole at the North Pole. Can you guess what will happen to

pole to pole without any air in it

you? What is your acceleration at the start? Later on you have left some
of the mass of the earth behind you. It is pulling backward on you,
opposing the forward pull of the matter ahead of you.

/
g

-
AV

When you reach the center, everything is in balance and there is no

net force acting on you. But you are moving very fast, so you overshoot
and continue on toward the South Pole.

Then you are gradually slowed down because there is increasingly
more of the earth’s mass behind you. Finally you come to a halt at the
South Pole. But if there is nothing to hook on to. it will he goodbye
again. You will move back to the North Pole, then to the South Pole
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again, and so on—forever. Your round-trip orbital period would be
somewhere between 60 and 84 minutes. Scientists cannot say precisely
becanse the exact arrangement of rocks and iron in the carth’s interior
is not yet known.

To help you imagine what would happen with a hole connecting the
poles, try this activity.

[K) Tie rubber bands end to end until vou have a string of rubber
bands abont 8 feet tong, Fasten an old flashlight battery or a group
of washers at the center of the string. With a classmate. hold each
eud of the rubber-band string so that it is slightly stretehed. Have
someone else vaise the weight straight up as high as vour heads and
then et it go. Watch the motion of the weight.

Repeat this activity several times. Keep the weight moving up and
l R tal tal
down.

Where is the net foree exerted by the mbher band on the weight the
greatest? Where is it the least? In what way is this activity similar to
the motion you imagined while falling from pole to pole? How is the
motion different?

AFLOAT IN SPACE

Aboard a capsule orbiting the carth or a spacecralt cruising 1o Mars,
vou and every other mnattached object inside the craft float freely.
From the law of gravitation you know that the ship around you exerts
some net gravitational force on you, But it is very small indeed and has
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practically no effect. Your spacecraft is moving along, responding to the
combined gravitational force of all other objects in the universe. Its
orbit is a result of all the gravitational forces of sun, earth, Mars, moon,
and any other large nearby celestial masses.

You are within the spacecraft, in the same position in space. The
gravitational forces that accelerate the spacecraft accelerate you, too,
in exactly the same way. At any instant your velocity is the same as that
of your spacecraft. If it weren’t, you would very soon crash into a wall of
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the ship. But you don’t because you move in precisely the same orbit as
the spacecralt surrounding you.

Think about being in an elevator in a tall building, The cabic snaps. You
and the elevator are accelerated by gravity in the same way. So you float
freely in the elevator while it plunges toward the ground. But wateh out
for the big anmp.

When vou place two objects in the same free-fall orbit near the earth,

vou can observe what happens to each of the objects.

On the side of an empty milk carton, near the bottom, punch a
small hole with a peacil point. Climb to a high place. Cover the
hole with a finger and fill the carton with water. What will happen
when vou uncover the hole? Try it. Observe the stream of water.

Cover the hole again and refill the carton. Hold the carton out so it
will fall to the gronnd without hitting anything on the way down.
Uncover the hole at the same instant you refease the carton. What
happens to the water in the carton?
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Try ugain with another carton, But this time let the water flow out
of the hole for a second or twn before vou let the carton drop. Then
let it wo. What happens to the stream of water when the carton

hegins to fall?

How does the orhit of @ water droplet inside the carton resemble the
orhit of the falling carton? Can vou explain whe?

WEIGHT —HERE AND NEARBY

You know the aceeleration of gravity is the same tor an elephiant as for a
needle, but one has about two mitlion times the mass of the other, On
which is more foree exsned? Which weighs move? U vou put themn at
opposite ends of a4 seesaw, vou know what will happen. And you also
know why, The weight of any object on carth i< the strength of the
sravitationai force exerted by the earth on the object, So long as ele-
phamt and necdle stay ai or near the earth’s surfuce., the weight of the
elephant is fav greater than the weight of the needle. The weight of a pig
is more than that of w fig, On the surfoce of the earth, weight is directly

related to mass.

0 0 = ¢
\x 2,000,000 §é

\

What happens o the weight of an objeet when it is not at the earth’s
surface? Go first to the center of the carth. Your mass is unchanged
whether vou are in the classroom or at the center of the carth, But at the
center of the carth vour weight is zero, Why?

Suppose you were 1000 miles above the carth’s surface. At that dis-
tinee yvou are twice as far from the carth™s center as vou are on the
surface. You know that the force of gravitation is related inversely to
the square of the distance, At that distance you would weigh one-fourth
vour weight on the surface. Figure out your weight at an alitude of
1000 miles,
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You know that the mass of any object remains constant so long as

nothing is removed or added. But now you have found that weight is not

constant, Weight depends on the strength of the gravitational foree

pulling vou.

@ Try these problems to help vou understand the differencs hetween

mass and weight.

<

Suppose a cork ball has a mass of 4 grams. Home hase for the
ball is Kansas City, Then it is moved to Tokyo, Japan, Next it is
2000 miles above Valparaiso, Chile. Finally itis at the conter
of the earth. Does the mass of the cork ball change? Wedld its

weight be the same in cach location? Explain why.

The batl is moved to the center of the carth and cut into two

equal parts. How does the combined mass of these two parts
compare with the mass of the hall when it was in Kansas City?
How does the total weight of the two parts compare with the
weight of the origiv:] ball?

Consider one-hall of the original ball. Compuared to the whole
hall, what is its mass 8000 miles from the center of the carth?
What is its weight? Move this part of the ball still farther from
carth, What happens to its mass? What happens to its weight?

WEIGHT —FAR OUT

Now imagine that veu are taking a very long trip out into space. Suppose

vou call vour weight 100 units when vou're at the surface of the carth.
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How many amits would you weigh at difierent distanees from the earth’s
center? Make up a table like the one below on a separate sheet of paper.
Fill in the blank spaces in vour table.

Distance from Center Earth Radii Weight
(miles) (units)
. ... _4000 ‘ LS S |
. .80 2
@000 *
‘ 1
200000
40000 .

Thronghout the trip vour mass remains the same. but yvour entries in the
table snggest that your weight becomes extremely small it vou go very
far from the earth,

Next. take another very long cruise into space. But this time set your
conrse so you are always located on the line between the earth and the
moon. As you move away from the carth, the moon is alwavs in the direc-

tion in which vou are heading.

At some point in your journey. as the moon grows larger and larger in
the dark sky. its pull on vou becomes just as strong as the backward
pull on the distant carth. The gravitational forces are balanced, the net
force on you is zero. Your weight, avising from the combined pulls of

carth and moon, is zero. At this point in space vou are weightless.

net force zero

Face back toward the carth and sneeze. For a second or two vou are a
weak rocket. The foree from vour blast starts vou falling toward the
moon. Now the moon’s pull on you gets stronger than the back pull of
the distant carth. You accelerate. You move faster and faster and

finally hit the moon at high speed.
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Pick yoursell np. brash off the moondust, and throw a roek upward. It
goes surpri-ingly high and then slowly falls haek o the ground. Why?
You feel different, Why?

Ou the surface of the moon you're in o region where the enth’s gravi-
tationad pull on you s so small that yan can forget abont the earth's
effeet on youe o comparison, the moon’s pull on vou is hundreds of

times stronger becanse you are so close to the center of the moon.

WEIGHT—-ON THE MOON

Figure out how much you weigh on the moon. Forget about the pull of
the earth 240,000 miles away. Assume you are wearing the same clothes
you have of, now so that vour mass remains the same. You know, of
corase, thai vou would need o space suit for hreathing and protection,
But forgei those matters, oo, and consider vonr mass is the same on the

mot i as it s herve enearth,

- K\:\ .

\}%

Yous weight at the surface of any celestiad bhody is the strength of the
araviiationad foree exerted by that body on you. Compare the strength
of the snoon’s pull when you arve there with the earth’s pull when you are
Zieres Your nuss s the same in both pleces. so that’s no problem. But
wiren vou stand on the moon, you are pulled downward by a body that is
oniy about one-cightieth as massive as the carths So on that count your

weight should be only one-cightieth of its value here on carth.
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But remember that the distance from the center of an alteaeting body
also figures in the daw of wravitation, The radius of the moon is ouly
abont one-foureth that of the cartl, Tn other words, vour are fore times
closer to the center of attvaction. Aud from the inverse square law you
should find that the foree of atvaction is Lo times stronger on the moon's
sunrface,

Taking both effeets o aceount —mass and distanee —vou find vour
weight is about one-tifth of its value here on ecarth, With more aceuwrate
figures, the value would come eloser o one-sixth.

] __l()_l
g0 < 10=g;=3

On the moon s can jump six times as high as vou can here—and it

will take six times as long for von 1o come down 1o the sround asain.
I . I o

On a small asteroid vour weight would be even less: vou wonld have
o trouble throwing a ball into an escape orbit, You conld fauneh the
ball into an orhit around the sun. On an even smaller asteroid — abouwt

one mile in diameter— you could jump off into orbit vourself.
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CHAPTER 9

To the Planets

Ouwr earth moves aromnd the sun once each year at an average distance
of 93 million miles. Tis average speed in orbit is 66,000 mi/hr, At
perihelion (pair-ch-HEE-lee-un), when the earth is closest to the sun, it is
moving fastest—about 1100 mi/hr faster than average. At aphelion
(el-FEE-lee-un) hall a vear later it is moving slowest — 1100 mi/hr less
than average. Through half the year it slowly increases in speed as it
approaches perihelion. Then, for the next six months, the earth de-
creases in speed as it moves toward aphelion. The earth orbits in this
manner century after century, responding to the force of gravitation.

The motions of the other eight planets are also controlled by the sun’s
gravitational attraction. Their orbits vesrmble the earth’s orbit in some
ways. All are nearly cirenlar ellipses, with :aet  the orbits lying in a
flat, thin disk. A good model of the space threagh which the planets
roam is the shape of a phonograph recond. The wnly exception is Plato,
the ontermost planet. Its orbit is v the a1 fact, when Plato
passes its peribielion every 248 yeat .. is closer to the sun than
Neptime ever = 2t the two do not collide because Phuto’s orhit is
tipped ont of ti. Fddisk inwhich the other planets move.

S e ———
———— e

The angle betwe:n the plane of its orbit and that of the earth’s orbit is
17° Furthermore, the path of Pluto is nowhere closer than 200 million
miles to the orbit of Neptune.

The table on page 88 gives you some informatior: about the orbits of the
nine principal planets.
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TABLE OF PLANETARY ORBITS ‘
Average Distance Average Speed [
Planet from Sun Orbital Period in Orbijt
(miles) (mi/sec)
Mercury 36,000,000 88.0 days 29.7
Venus 67,200,000 225 days 21.7
Earth 92,900,000 365 days 18.5
Mars 142,000,000 687 days 15.0
Jupiter 483,000,000 11.9 years 8.1
Saturn 886.000,000 29.. years 6.0
Uranus 1.780,000,000 84.0 years 42
Neptune 2,790,000,000 165 years 3.4
Pluto 3.670,000,000 248 vyears 2.9

WITHOUT GRAVITATION

Gravitation binds the solar system together. What would happen withoul
itz Suppose that we conld turn off gravitation. Nobody can do it, but
you can imagine some of the things that would happen if we could.

The instant before we decide to turn off gravitation, a snapshot of the
solar system wounld show the bright central sun and each of the nine
planets al some point in its orbit. Each moon would Le at some point in
its own track around its parent planet. And there would be other lesser
bodies too—asteroids, comets, and so on.

Now flick the switch. No longer do the bodies of the solar svstem exert

any forees on each other. What kind of path does each planet take? Why?

88 ’ £)9
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Which planet moves away fastest? Which stowest? After contnries go
by, whieh is the closest planet 1o the sun? s the carth still the thivd
plinet ot from the sun? Work it ont Tor yoursedland then talk it over
with vour classmates,

@ In the schoolyard, make o walking model of these planetary mo-
tions, Form a group of four, One person stands still in the ecenter of
things: he is the sun, Closest to the sun is Mereury, He orhits ot a
very hrish puee, Then comes Venus, who walks a bit more slowly,
Finally, carth moves even more slowly, thivd from the sun.,

Gravitation is oo, Pat the model i maotion so the planets are
moving along in their orbits. On signal, turn gravitation off. Fach
planet continues moving al his own veloeity, In what divection does

e K4
cach one go?

After about 15 seconds, stop all motion. Notice the positions of the
patticipants, Is Mercury still closest o the sun? Is ecarth still
farther from the sun than Venuns is?

PLANETARY MASSES

Tveho Brahe (THE-koe BRAH ) made aceurate measurements of the chang
ing positions of the planets. Johannes Kepler used Tycho's data to
discover some rules about planetary imotions around the sun, And with a
new invention. the telescope. astronomers conld begin to measure the
shapes and sizes of varions planets. Now, with Newton's universal law of

aravitation, it was possible to learn the masses of some of the planets,
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Vor an example, think about the biggest satellito in onr solne syslem ~
Canymede, T avels avound Jupiter inow nealy civenlae patly every
72 duys at adistanee of 670,000 miles, Ganymede tkes less time 1o
awing aronund Jupiter than e moon does to swing around the earth, And
you know whys Jupiter is far wmore massive i carth,

- - T~ Y
. 670,000 miles >
_Baloymies
< & :
-
~ ~o_ - -~

— —

Imagine that we can cliange the mass of Jupiter. For o particular muss,
the table below shows the orhital period of Ganymede if it moved in a
cireular orbit, always 670,000 miles from Jupiter's center.

Orbital Period
Mass of Jupiter of Ganymede ‘
same as now 7.2 days ]
4 times now 3.6 days
9 times now 2.4 days
16 times now 1.8 days
: i/s times now 14.4 days

i
zero — 1
i

Why is no orbital period entered for mass zevo? What would happen to
Ganymede i’ the mass of Jupiter suddenly became zero—a huge ball
of nothing?

From Kepler's third law the orbital period of any planet depends on its
average distance from the sun. According to Kepler's law, the square of
th orbital period depends on the cube of the average distance. In your
exaunple of Ganymede, the average distance is always the same, 670,000
miles. So from Kepler's law, the orbital period should also remain the
same. But you found in the table that the orbital period would not always
be the same. I it were possible to change the mass of Jupiter, the orbital
periods wounld be different.

P = Period D = Dislance

[)2 ~Dﬂ
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Was Kepler mistahen? 5 his thivd Taw wrong? Noo Keplev's Tow just
doesn't explain the whole stoes, I doesa®t ke into seconnt that the
tiss ol a celestial objeet him something 1o do with orhital motion,

From the Taw of pravitation you remember that the more numssive the
plinet the greater the aceeleration ol ts moo, So il seems perfoetly
vensonhle to expeet o salellite o aebit o yvers mesive planet vapidly
amd o orbit e Tess massive planet more slowly,

Newton warked haed to find ont exactly how the masses ave velated 1o
the arbital periods. From Keplers Jaw and his own law ol gavi-
tation, Newton discovered aoway 1o fd the mass ol a pair ol colestial
objects when two hits o information are knowne Measure the orhital
peviod of o satellite around s pavent planet, Measiee the average
distanee between the two bodies, With this information the combined
mass of planet plos sateHite can be catealated using Newton's formulag

DB

e

M+ My ~

Calenkte the combined mass of the following plancet-moca pairs,
Use Newtor's formula and follow the exanmple shown for pair A,

L Pair D P
' A 4 2
B 2 2

,,,,,,,,, B |

C 5 5
- R — . ; e e i,,,_«A.._-
2 ;
S S |

Which of the four pairs do vou find to be the most massive?

Perhaps vour answer is not suvprising. Even though the satellite
and planct ol this pair are rather far apart, the Luge mass makes lor
astrong gravitational attraction. And so the satellite is whipped

around i its orbi ina relatively short time.

For most pairs orbiting in the solar svstem—moon around planet or
plutet around sun—the mass ol the lTesser body is extremely swall

compared with that of the more massive one. Su when vou determine the
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combined mass of the pairy o come vory elose 1o Gnding, the mass of
the Biggeer body all by tsell, Afver ally an mtomohile with acreanis ball
sttt on the seat han just about the sane mass as the automabile
without s tevnis babb e 0 e mass of car plas ball i 2076 ponds,
vou don't need o determine the nass of the ball Gt e masn of
theeear by itsell s elone 10 2000 ponds,

it on Gunvede s ohit telbus than the combined imass ¢ Jupiter plos
Cranymede is 3EEimes that of varth phus oo, So the niass ol Jupiter
s ko about 3 EL canl ninsses,

Fleve ave the diameters and masses of e nine planets inanits ol the
diwmmeter und wass ol the vath,

Planet Diamoter Mass |
Mercury 0.38 0.05 ‘
Venus 0.97 0.81 !
Earth 1.00 1.00

Mars 0.53 0.11 |
Jupiter 11.2 318.00

Saturn 9.5 95.00 f
Uranus 3.8 156.00

Neptune 3.5 .17.00

Pluto N.457 ?

Study the table of the masses of planets. Right away vou probably
realize that Newton couldi’t possibly have used his formula to find the
tass of every planet.

For one thing, some planets have no sate . at all so Newton's
methods conldn’t be used. Venus, Tor example, orbits alone in space
under the gravitational control of the sun. But when, after Newton,

astronomers observed the motions of planets near Venus, they notieed
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the tiny elfeets praduaeed by the gravitabionsd foree of YVenon, The
neighboving planets were pulled shightly oft theie coneses arond the
s, By mensncing these small pravitational pulls, it was possible 1o
athe o Gnie estinmde of tie mass ol Ve,

I reeent yenrs, several spaeecoralt Tuve been plaeed e orhis thal
cavied thene very elose to Venns, From precise measieements of the
traeks ol these spacecraft as they passed the planet we now have a mueh
more relinhle measure of b onas’ minss.

There was unother reason, however, why Newton canld not ealenhte the
masses ol all the planets, Can you guess why?

DISCOVERY OF THE OUTERMOST PLANETS

The night of Mareh 13, 1781, marked the heginning of one of the most
fascinating stories of astronomy, Willian Hersehel (HgR-shull), o British
astronomer, was observing the starry sky with his seven-ineh retleeting
telescope, veryvthing seemed to be as usual, Conntless tiny images of
stars glided through the Gield of view as Hersehel slowly wmed the
telescopes Suddenly he stopped. A strange objeet had entered the field,
one that he had not noticed belore, Tt could not he a star, for it was not a
point of light. It was shaped Like a tiny disk, Hersehel thought he had

discovered a comet,

= » * * * *
* »* *
O O O
* * *
March, 178l . April, 178} May, 178l

But he was mistaken, The greenish diskdike object which moved from
might to night against the stellar background turned out to he something
much higger. was & planet—the first planet discovered since ancient
times. Hersehel had added a new member to the family of planets
already known to ancient astronomers,



O

ERIC

Aruitoxt provided by Eic:

British seientists weve delighted with the disco o, And the King
pravated Hersehel o ineome so he conld continne his astronomical
researeh, Hersehel was very gratelul and planned o call the new planet
Georgimn Sidusc after the king’s naume, Bat the planet uter becone
hnowo as Uranus,

The diseovery of Uranas turned out 1o be the fiest aet of an exeiting
dvinae that deseloped in the (ollowing decades, Newton's faw ol gravi-
tation was to huve its most seyere est,

The fiest test came after astronomers had used the Taws of Newton il
Keplev to calenlate the orbit of Uranus, Ohservations of its changirn
position against the stellar hackground showed that Uranas was movi
justoas it shoulds AV went well for a time. But as the vears went by
Uranus was not quite following its predicted paths there was uo doub
about it Did this mean that the universal law of gravitation was incor-
rect? O was the path of Uranus distuched by some strange effeet
huown to astronomers?

predicted

N e T

Uranus

observed

In 1829, Bouvard (hoo-VARD) of France had a hineh that the small dis-
turhance of Uranus” motion was the result of the gravitational pull of an
undiscovered planet in the neighborhood of Uranus. A few vears later
Adams in England and Leverrier (leh-VAIR-ce-ay) in Francee workea on
this problem independently. Thev assumed that the disturbance in
Uranus™ orbit was caused by the gravitational pull of the unknown
planet. Fach spent several years calenlating the exact position of this
planet and the mass it must have in order to pull Uranus off course by
the observed amount.

At first, all attempts 1o deteet the saspected troublemaker were un-
successtul, Bat in 18160, after receiving a letter from Leverrier, the
German astronomer Galle (GAH-leh) studied the skies looking for the
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predieted plunet T fess o an hone of seavehing he fownd the planel
in the constellition o Aquarins (eh-KW ARE-ce-us), almost exaetly in
the position predicted by Leverder, Heve was another member of the
solur system - the plnet Neptune,

Neptune e
[ . \‘\,
€

The discovery of Neptune was one of the most spectacular trivmphs of
astronomy in the 19th century. At the same time it was a britliant proof
of the nniversal law of grovitation. At first, evedit for discovering
Neptune was given to Leverrier and Galle. But since Adams also pre-
dicted the existence of Neptume, he shares the honors,

After Neptune had been discovered, the orbit of Uranus was computed
all over again on the basis of the new data. Everything scemed 1o go
smoothly for a while. But then a new puzzle arose. Even when the gravi-
tational pull of Neptune was accounted for, Uranus still didn’t quite
follow the predicted path. What was the ¢elestial trouble this time?

It was Percival Lowell, the founder and director of the Lowell Obser-
vatory in Flagstaff, Arizona, who predicied the existence of still another
planet. Bat he died in 1916 without having discovered it in the sky.
Fourteen vears later, C. W, Tombangh of the Lowell Observatory was
comparing two celestial photographs that had been taken six nig' s
apart. He noticed a faint image that had changed its position against the
stars during this short period. 1t did not take long to show that the tiny

dot on the photographs was the long-sought planet. It was in the con-
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Mercury moves rapidly around the sun in an orbital path that resembles
a somewhat elongated ellipse. Observations showed that the orbital
path slewly turns in space. It rotates at the rate of 16 degrees every ten
thousand years.

In 1845, Leverrier was quick to explain the reason for this slow turning
motion. If the sun alone were pulling on Mercury, then the prediction of
Kepler or Newton was that the long axis of Mercury’s ellipse would point
toward a fixed position against the background stars. But the sun is not
alone. Venus, earth, and other bodies exert gravitational pulls on
Mercury, too. And as the centuries pass, their effect on Mercury acts to
make the orbit of Mercury turn slowly in space. Leverrier computed the
rate at which Mercury's orbit should turn as a result of all these extra,
weak pulls. The predicted rate was almost enough—hut not quite.
Mercury’s orbit actually turns a hit faster than Leverrier predicted.

To explain the diserepancy, Leverrier suggested the existence of one or
more unknown planets moving inside Mercury’s orbit closer to the sun.
His idea seemed to be supported by some early reports that a tiny black
object had been observed moving across the face of the sun. If the
reports were true, the black spot could have been such a planet. Some
astronomers were so convinced a new planet would actually he found
that the colorful name of Vulean was assigned to it. But all efforts to find
the planet failed. The reason was simple: Vulean does not exist. What
then caused the discrepancy?

//// —— —_— \\\\
- — T=~_,Vulcan? ™~
7~ Ve O O) N
/ - o P
- — }
\ —_—— - _
~
~~ Mercury -
O\\ o
T—— e —

_——— ——— — ——

More than 70 years were to pass Liofore the answer was clear. The
trouble lies with Newton's universal law of gravitation itself. Under
normal conditions, celestial objects obey the law beautifully — just as
Newton predicted. But for very fast-moving bodies, like innermost
Mercury, the rules need to be changed somewhat.

The puzzling motion of Mercury’s orbit finally was explained by the
general theory of relativity, which was first given to the world by Albert
Einstein in 1917. Relativity provides an even more complete theory of
gravitation than does the work of Newton. Its predictions about motion
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CHAPTER 10

Out Among the Stars and Galaxies

A falling apple, the moon, the sun, and the plunets all move under the
control of gravitation. Does gravitation work also out among the stars?
Newton believed that all objects, large or small, pull on other objects.
He had a hunch that gravitational forces work throughout the universe.
Yet more than 100 years were to pass before Newton’s hunch was tested.

When Herschel discovered Uranus in 1781, he extended the horizons

of our knowledge outward to 19 astronomical units from the sun. He also

spent time studying the bright star Castor (KASS-ter), which appeared as

two separate stars in his telescope. He observed the star-pair off and on
-— ~

- ~
~ ~

- ~
& N
* Costor's companion star N

ey \
{t}\ Caostor \

for a number of years, When he ploiued its track, he found that the
fainter star had been curving steadily around the brighter one, along an
ellipse. Here was a distant star-pair obeying Kepler’s laws. Gravitation
was affecting the motions of objects far beyond the bounds of the solar
system.

Herschel could only guess at the enormous distances of the stars. But
we know today that Castor is nearly three million astronomical units or
about 45 light-years from the sun. So Herschel showed that gravitation
was at work more than a hundred thousand times as far away as Uranus.

Many other pairs of stars are known, and for every pair that has been
observed over a long period of time, the stars are found to be moving
around each other obeying Kepler’s laws. And if they are obeying
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- Keplev's laws, they must move anecording o gravitational palls of each
on the other, Heve and there astronomers find irios of stirs, il
quartets, and even larger groups, Members of each group alwavs move
aceording 1o the gravitwtional rules.

STAR MASSES

Kepler's third law, as improved by Newton, can be used to find the
combined mass of o moon and planct, or the combined mass of sun and
carth. Can we find the masses of stars in this sanie way?

No isolated star exerts enough gravitational foree on any other star to
change its velocity noticeably. But with a star-pair, small changes in
position may be observed from vear to vear. After many decades these
small changes can be plotted 1o find the track of each of the stars, In
every instance the fainter star is {ound to he moving in an elliptical
path around the brighter one.

2020, _ - —————x2010
e T~ 2000
// \\\
~
pd N x1990
2030/ \
{ o 1980
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\ \ 1970
\
\ !
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\& :

From a plot of the orbit it is possible to figure the orbital period. Then
when you have also learned the average distance between the two, the
combinéd mass of the stars can be caleulated by Newton's formula.

In units of the sun’s mass, the combined mass of a pair of stars equals
the cube of the average distance between the stars, divided by the
square of the orhital period.

3
M+ M2 =;—32-
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Suppose astaepaic has an orhital perviod of five years and anaverage
sepavztion of four astronomical anits, Figure (1 X0 X1 5 (5 X 5), The
answer is 2500 So together both stars are 2,50 times us massive as
the sun, '

%) Now use Newton's formula to work out these examples,

LA star-paiv has ancorbital period of 10 years, The avernge

sepavation is 10 aan Find the combined masses,
2. Think of o different pair of stavs. This pair is also separted by
a distanee of 10 aan But these two stars are founel 10 have an
orhital period of 20 years, Is this pair as massive as the other
one? Does the law of gravitation give von a elne? First, make a
good gess about the combined mass of this pair. Then, Gigare

it out to see il your guess was a reasonable one,

You and someone else step on a seale together and the pointer shows
183 pounds. You know something, but perhaps not all vou want to
know. Who is the more massive? How would you find ont easily?

You can’t place a star on a scale. but vou know how to find the combined
mass of a pair of stars. How can we determine the mass of cach in-
dividual star is we know only the combined mass of hoth?

Remember in Chapter 7 when all the worlds people jumped off a one-
mile tower at the same time. The earth pulled downward on them, and
they pulled upward on the earth with the same gravitational force. They
both pulled on each other. And so the people were aceelerated down-
ward and the carth upward.
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L
Bt the cavth is more massive by fue than all the people in the world.
So it moves upward only a tiny distanee 1o meet the fulling crowd,

[ the same way, carth and sun pull on one another with the same foree,
But sinee the earth is so much less massive, it is aecelorated 330,000
times more than the sun,

e W

\

\
' )
|
\ !
\
\

N 7
_

Think of two stars having equal masses, moving around one another in
civeular orbits, Who is going around whom? You know the forces are
cqual, but so, too, are the accelerations this time. On this celestial
merrv-go-roundd cach star affects the motion of the other in the same
way. Can you guess where the center of the merry-go-round would fie?

Make a start on this puzzle by working with masses stuck to the end of

a wooden rod.

CENTER OF MASS

Find the balance point of a one-foot ruler. Where is it? Find the
balunce point of a vardstick, Where is it?

Now try the same thing with a straight wooden rod.

102 : , 133



O

ERIC

Aruitoxt provided by Eic:

Next fix two equalssized picees of clay o eaelt end of the rod,
Where s the bulanee point? Then stick o small hit of elay ot one
end and a big gloh at the other, Where s the halanee point now?

ceach of these activities you have found o point wheve the masses are
in halanee, When is this halanee point midway between the two masses?
And when it it eloser to one of the masses than 1o the other?

Now think of the stick and the globs of clay as a single mass, How can
vou lind the eenter of the whole mass?

@) At each end ol a stick plaee a lump of clay, One lnmp should be
more massive than the other. Tie rubber bands together to form a
string about 3 feet long. Attach the rubber-band string somewhere
near the center of the stick, Notice what happens when the stick
hangs {reely.

Now hold the stick in position and ask a classmate o start twisting
the rubber hands. Have him keep twisting until the rubber band
is nicely wound up. While he holds the rubber-band string, vour let
go of the stick. Watch the stick as it picks up speed. Can you see

the center of mass?

Change the sizes ol the clay globs and repeat this activity several
times, Observe what happens. Can you find the center of mass each
time? Is the center of mass always in the same place? What can
vour say about the center of mass when one of the objects is more
massive than the other? .

194 1
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Although there is no solid maltler connecting two st every paiv of
celontial abjects has o eonter of mass. Ax with yonr whirling masses,
the conter of mass of any two star lies along a steaight Tine between the
centers of the twa stars, )

To find the mass o caneh individual star, astronomers must find the
distanee hetween the stes, Then they must locate the conter of mass
of the stue-paiv, With this information they can find the relative ninsses
of the stars — how massive the hig star is in terms of the smaller one.

I two stars are equally massive, the center of mass lies hallway e
tween them,

W the larger star is twice as massive as the smaller, the center of mass
lies twice as close to the big star as it does to the smaller, 11 the bigger
star is 9.4 14 times as massive as its smaller companion, the center of
mass lies 9.4 14 times as close to the more massive hody.

2M M
————————— e
oo -~ 20 -]

Remember that a single isolated star moves in a straight line at con-
stant speed for centuries on end. But in a star-pair how does each
member move? And what kind of track <loes the center of mass take?

@Sct up your equipment again the same way as in the previous
activity. But this time attach the mbber band to the center of mass.
Wind up the mbber band a bit, but not nearly as much as before.
As soon as the masses begin to rotate, walk slowly and carefully in
one direction. Watch the path taken by the individnal masses. Ave
the paths the same? Which mass moves faster?

Now do it again, this time keeping yonr eye on the center of mass.
How is it moving?
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b mbepade i is the cemter of naws al moves inca steight Tine al
conrtint speeds You ean'tsee the eomtor of nusss yon ean only plot the

motion of cach star ol the pair for many years against the backgronnd of
faint and distant stars. You know that the center of mass muost always lie
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on a line joining the two stars. And you know the center of mass must
move straight at a fixed rate. You use these clues to find out how massive
the big star is in terms of the smaller one.

Sirius (SEER-ec-us) is the brightest star in the sky. In the 1840’s Sirius
was abserved to follow a wavy motion against the background of distant
stars. Astronomers suspected that an undiscovered companion star was
affecting the path of Sirius. Yet almost twenty years passed hefore the
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fudnt compamion was actually seen through a tedeneopes This st-pair is
found 1o have e orhital perviod of Gy years ml an average distanee
apart of twenty asteonomieal nnits, What s the combined wmass of the
slarpuiry

t H () ] ] :

The hright stary, Sivins, Tes ahont twiee w elose 1o the conter of muss as
does the Teeble compunion, What can you estimate shout the miss of
cach of the two staes?

Astvononers Tave Tearned the masses of severnd hundved stars, Tl
have fonnd that the averuge mass of the st is close o onehall Dt of
the s A few staes aee ten or more limes as massive as the san, Bud
most stars are less massive e ones and some litde ones have masses
less than onetently of the sun's, The sizes of stavs differ greatly from one
anothev, and the luminosities of staes differ cnormonsly, But the massos
don’t differ nearly so mueh,

I 1963 for the first time, 0 planet was detected ontside the solur
system. Barmard’s Star, the second nearest star known, is a faint dot in
the constellation of Ophiuchus (olifee-YOU-euss), s motion ngainst the
stellar hackgromd is not quite a steaight Tine, hut traces, instead, very
slight wave motion, One wave is completed every 25 vears, The motion

must be caused by an invisible companion. It is possible to caleulate
from the motion of Barnard’s Star that the companion, although never
seen, has a mass only a bit more than Jupiter's. Since the companion is
many times less massive than any known luminous star, it secms
reasonable to believe that the invisible companion is a planet.
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THE HOME GALAXY

Our Milky Way galaxy is o huge gatheving of stars wheeling sronl in
apaee, Approximately 200 hillion stars dwell in o vast vegion of spaes
shaped something like a paneake, Our galusy las o dinmeter of about
100,000 lightyears, Botween the stars spaee is not absolutely empty,
Pevhaps one-humdrodth of all the wass of the galuxy is in interstellor
apineey ohlolly i the form of single atoms of hydvogen gas, But nearly all
the rest of the matter in our galaxy is in the stars, Planets aooompanying
atavs might neeount for o very small part of the muss, hut astronomers
know very little about planetary systems beyond our own,

The Great Galaxy in Andromeda Is similar to our own galaxy.
The two are about equal in size
and both have large spiral disks that bulge in the center.

In our part of the galaxy a star’s nearest neighbor is about four ligat-
years away. In the central part, the stars are more neighborly —about
one or two light-years apart. But there is still plenty of room, so there is
very little chance of stars colliding with one another even in the center
of the galaxy.
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Each star in our galaxy is moving in orhit along a path that is deter-
mined by the net gravitational force exerted on it by all the other stars
in the entire galaxy. For example, think of our star—the sun. Alpha
Centauri (AL-a senTORE-e¢), Barnard’s Star, Sirius, and other nearby
stars exert the greatest individual pulls on the sun. Because of their
closeness their gravitational pulls are much stronger than those of dis-
tant stars. So it might seem that these nearby stars control the sun’s

galactic orbit.

Sirius *

(}Sm
/ \\
Alpha /
Centauri * ,
Barnards
Star

But there are two good reasons why this is not so. In the diagram above.
see how the gravitational pulls of nearhy stars tend to balance each other.

The chief reason that the nearhy stars don’t rule our galactic motion is
that the billions of stars near the hul of the galaxy are all pulling to-
gether on us — pulling in about the same divection. The net gravitational
force arising from the stars far away in the central part of the galaxy is
about a thonsand times as greal as that arising from the pull of nearhy

Alpha Centauri.
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The sun and solar system respond to this greater force by moving in a
huge orbit around the center of the galaxy at a speed of about 150
mifsec. Even at such a rapid speed, it takes us about 220 million years
to complete one cireuit around the center of the galaxy.

Tarn ol gravitation throughoat the galaxy and watch what happens.
Keep watching for a hnndred million years. All the stars and atoms in
the galaxy move out in straight lines into inter-galactic space. The
galax v is lving apat.

150
mi/sec

Now start over again with the galaxy as it is todayv. Leave gravitation
on this time. but stop all of the stars in their galactic orbits so that ecach
one sees all the others at rest. What happens then? See il vou can tell.
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But with gravitation turned on and with the stars having the orbital
motions they were born with, the galaxy neither shrinks nor swells; it
neither flies apart nor collapses in a central heap. Our spinning galaxy
will keep going for a long time. Even after the light from all the stars
fades out, the stars will still retain almost all of their matter. The
gravitational attraction of these dark masses on onc another will con-
tinue on and on.

FAR OUT AMONG THE GALAXIES

The galaxies are the largest known star systems in the universe. A
typical galaxy is a system of billions of stars. And every single star in a
galaxy moves in a huge orbit around the galactic center, obeying the
combined gravitation pull of all the olhen stars in its home galaxy.

In some galaxies the stars are arranged in great spherical regions.
Other galaxies, like our own Milky Way system, are shaped more like
pancakes or fried eggs; most of the stars are confined to a thin disk and
move in roughly circular orbits around the central zone.

Many galaxies are isolated in space. But here and there one finds pairs, >
or triplets, or even larger groups called clusters of galaxies.

Galaxles'c

stars Each star in- r
these distant galaxies reacts to
gravltatlonal forces"
inits home galaxy in the same
way the sun obeys the
gravitational pulls in our galaxy.
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Our own home galaxy has two relatively close neighbors —the Large
Cloud of Magellan and the Small Cloud of Magellan, both easily seen
from the southern hemisphere. These galaxies are about 150,000 light-
years from here and about 50,000 light-years from one another. Be-
cause galaxies also exert gravitational pull on each other, the two
Clouds of Magellan may orbit around each other. And at the same time
they may go around or through our own Milky Way galaxy. Astronomenrs
do not yet know just how the three of us are moving in relation to one
another.

Our galaxy also belongs to a bigger group with seventeen known mem-
bers, called the Local Group. Ours is a galaxy of the spiral type, and we
rank second in size in our Local Group. Largest is the Great Spiral in
Andromeda (an-DROM-uli-duh), barely visible to the unaided eye on a
clear dark evening in autumn or winter. It is about two million light-
years away. All the members of our Local Group influence each other's
motions, but it is yet certain just how. The major effect on our galaxy’s
motion must arise from the pull of our massive spiral neighbor in
Adromedla.

Huge clusters of galaxies, with hundreds of members in each one, are
found here and there in distant space. Astronomers have heen able to
learn that the galaxies in those great clusters are moving around with
speeds up to 1000 mi/sec or more.

These high speeds mean one of two things. Perhaps the galaxies of such
a cluster are flying apart. Or perhaps the members are staying together
but are wandering around among one another in response to the very
strong gravitational pulls of the galaxies on each other. There may he
some truth in both suggestions. But whatever the answers may be, it
seems certain that galaxies in these great clusters must collide and
pass through each other occasionally.
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Aruitoxt provided by Eic:

The universe, on its grandest scale, is expanding. In this biggest picture
of all we can imagine the galaxies and clusters of galaxies hecome Just
points on an expanding balloon. The points are all moving away from
one another as the halloon inflates. What could be the role of gravitation
in this universe of fleeing galaxies? As with many things at the horizon
of today’s knowledge, this puzzle isn’t vet solved.

Think about the riddle in two different wavs. First, our galaxy, or any
other galaxy, should somehow be able to exert a backward pull on
distant galaxies. That hack pull would slow them down. like a ball al-
most up at the top of its flight.

Second, think about one of those galaxies far, far out in space. Like our
own galaxy, it feels pulls in all directions. It, too, is surrounded by other
galaxies in all directions. And so there should he a tug-of-war in which
nothing much happens. The galaxy may feel no net gravitational foree on
it. like a person at the center of the earth. Looked at in this way, the
galaxy is not accelerated and so it just Keeps going in a straight line at
constant speed.

We are still not at all certain how gravitation affects the whole nniverse
as the billions of years go by. But for all sorts of smaller ohjects you
have seen how gravitation is a major ruling foree in this universe of
matter and mass —for galaxies in a cluster, for the stars in a galaxy,
for a planet near a star, for our own moon, and for an apple that fell to
the ground in an English orchard over three lundred years ago,
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